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Propaganda

NG, T. Biancalani, F. Jafarpour (2017)
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here

Last Universal 

Common Ancestor ?



Phase diagram of life

• Inexorable transitions: collective network 
phase of life, transitions to vertical evolution

Rapid 
evolution

Slow 
evolution

NG, T. Biancalani, F. Jafarpour (2017)



Phylogenetic Trees
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Wikipedia, Creative Commons
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Leaf nodes
observed extant 
taxonomic units

Internal nodes
hypothetical 
taxonomic units

Ancestor nodes are derived by comparing the 
relatedness of sequencing data of descendant 
species. 

Wikipedia, Creative Commons

Phylogenetic Trees



19

Leaf nodes
observed extant 
taxonomic units

Internal nodes
hypothetical 
taxonomic units

=

Phylogenetic trees represent the 
trace of the evolutionary process

Wikipedia, Creative Commons

Phylogenetic Trees



Phylogenetic trees are the 
Feynman diagrams of evolution

What can we learn about the large-
scale structure of the evolutionary 

process from the world-lines of all the 
world’s species?



Chi Xue & Zhiru Liu



Phylogenetic Trees are self-similar
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Phylogenetic Trees are self-similar
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• Two aspects:
– Topology (structure 

unaffected by change in edge 
length or arrangement)

– Edge lengths (time scales in 
the evolutionary process)

• Need quantitative descriptions of the structure



Description for tree topology
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𝐴𝑖: the size, or number of nodes, of the 
subtree 𝑆𝑖 rooted at node 𝑖.

Node 𝑖

𝐴 leaf = 1

𝐴 𝑖 = 1 + 𝐴 𝑖 → left + 𝐴(𝑖 → right)

(1, ) (1, ) (1, )(1, )

(3, ) (3, )

(7, )

E. A. Herrada et. al. PLoS one, 3, e2757 (2008) P. Jeraldo (2012); NG (2014)



Description for tree topology

28

𝐴𝑖: the size, or number of nodes, of the 
subtree 𝑆𝑖 rooted at node 𝑖.

Node 𝑖

𝐴 leaf = 1

𝐴 𝑖 = 1 + 𝐴 𝑖 → left + 𝐴(𝑖 → right)

(1, 1) (1, 1) (1, 1)(1, 1)

(3, 5) (3, 5)

(7, 17)

𝐶𝑖: the cumulative size, or summation 
of 𝐴, of the subtree 𝑆𝑖.

𝐶 leaf = 1

C 𝑖 = 𝐴 𝑖 + 𝐶 𝑖 → left + 𝐶(𝑖 → right)

𝐶 𝐴

Note: Mirroring left and right branches does not change 𝐶(𝐴). 

E. A. Herrada et. al. PLoS one, 3, e2757 (2008) P. Jeraldo (2012); NG (2014)



Description for tree topology
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Completely 
balanced

Completely 
unbalanced

𝐶(𝐴) ∼ 𝐴 ln𝐴𝐶(𝐴) ∼ 𝐴2

Real phylogenetic trees

𝐶(𝐴) ∼ 𝐴𝜂, 𝜂 ≈ 1.44

E. A. Herrada et. al. PLoS one, 3, e2757 (2008)

𝑪(𝑨)

𝑨
P. Jeraldo (2012); NG (2014)



Description for edge lengths
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Let {𝑖}𝑘 be all nodes that define a 
clade with 𝑘 tips
Let 𝑙𝑖 be the edge length between 
𝑖 and its branching point

𝑆 𝑘 = 

𝑖∈{𝑖}𝑘

𝑙𝑖

𝒍𝒊

𝒊

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.



Description for edge lengths
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10

4 4

2 2 3

Let {𝑖}𝑘 be all nodes that define a 
clade with 𝑘 tips
Let 𝑙𝑖 be the edge length between 
𝑖 and its branching point

𝑆 𝑘 = 

𝑖∈{𝑖}𝑘

𝑙𝑖

1 2 3 4 5

25𝑆 𝑘

𝑘

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.



Description for edge lengths

32

1

Let {𝑖}𝑘 be all nodes that define a 
clade with 𝑘 tips
Let 𝑙𝑖 be the edge length between 
𝑖 and its branching point

𝑆 𝑘 = 

𝑖∈{𝑖}𝑘

𝑙𝑖

1 2 3 4 5

25 3𝑆 𝑘

𝑘

2

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.



Description for edge lengths
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4

Let {𝑖}𝑘 be all nodes that define a 
clade with 𝑘 tips
Let 𝑙𝑖 be the edge length between 
𝑖 and its branching point

𝑆 𝑘 = 

𝑖∈{𝑖}𝑘

𝑙𝑖

1 2 3 4 5

25 3 4 0 4𝑆 𝑘

𝑘

4

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.



Description for edge lengths
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𝑆(𝑘) ∼ 𝑘−2 𝑆(𝑘) ∼ 𝑘−1
𝑆 𝑘 ∼ 𝑘−𝛼 ,
α ∈ 1.3, 1.7

Yule process
- Neutral model 
with exponentially 
growing community

Kingman coalescent
- Neutral model with 
fixed community size

Real phylogenetic trees

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.

𝑆 𝑘
Cumulative 
Edge Length

𝑘 - Clade Size



Phylogenetic trees are self-similar

• The topological measure and the edge length 
distribution capture the large-scale structure 
of evolution

35
P. Jeraldo (2012); NG (2014)

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.

𝐶(𝐴)

𝐴

Cumulative 
Edge Length

Clade Size
E. A. Herrada et. al. PLoS one, 3, e2757 (2008)



Phylogenetic trees are self-similar

• The topological measure and the edge length 
distribution capture the large-scale structure 
of evolution

36
P. Jeraldo (2012); NG (2014)

James P. O’Dwyer et. al. PNAS, 112(27), 8356-8361.

𝐶(𝐴)

𝐴

Cumulative 
Edge Length

Clade Size
E. A. Herrada et. al. PLoS one, 3, e2757 (2008)

Q1: origin of these non-
trivial power laws?

Q2: what do they tell us 
about living systems?



Is there universality in physics?





• Magnetization M of a 
material depends on 
temperature T and 
applied field H

– M(H,T) ostensibly a 
function of two variables

• Plotted in appropriate 
scaling variables get 
ONE universal curve

• Scaling variables involve 
critical exponents

Stanley (1999)

Universality at a critical point



Universality at a critical point

• M(H,T) ostensibly a 
function of two variables

• Plotted in appropriate 
scaling variables get ONE 
universal curve

• Scaling variables involve 
critical exponents

A model …

Gives a precise prediction in agreement with 
experiment!

Stanley (1999)



Universality at a critical point

• M(H,T) ostensibly a 
function of two variables

• Plotted in appropriate 
scaling variables get ONE 
universal curve

• Scaling variables involve 
critical exponents

A model of a model of a model of a model of a model

Gives a precise prediction in agreement with 
experiment!

Classical Heisenberg

Quantum Heisenberg

Electronic structure

Quantum chemistry

Landau theory

Non-systematic approximations

Stanley (1999)



Origin of non-trivial power laws

• Power laws at “second order” phase transitions

• Correlation function has units of [Length]2

• Scale interference: limit of a → 0
– If h = 0, the limit exists and G ~ k-2 (Landau theory)

– If h non-zero, the limit is singular, then cannot set a = 0.  
G scales with a non-trivial power law. 

System remembers the small scale details even though 
the correlation length is diverging to infinity!

44

Correlation function Lattice spacing Wavenumber

Anomalous exponent



Origin of non-trivial power laws

• Power laws at “second order” phase transitions

• Correlation function has units of [Length]2

• Scale interference: limit of a → 0

– If limit exists, the exponent must be 2 so no anomaly

– If limit is singular, then cannot set a = 0 and there is 
an anomalous exponent

45

Correlation function Lattice spacing Wavenumber

Anomalous exponent

Is there scale interference in 
evolution?



How could scaling laws arise?
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Evolution

Wikipedia, Creative Commons



How could scaling laws arise?
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Evolution

Photo by Cheryl Reynolds

Ecology

Wikipedia, Creative Commons



How could scaling laws arise?
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Evolution

Photo by Cheryl Reynolds

Ecology

Wikipedia, Creative Commons

Long time scale Short time scale



How could scaling laws arise?
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Evolution

Photo by Cheryl Reynolds

Ecology

Wikipedia, Creative Commons

Long time scale Short time scale

In drawing a phylogenetic tree we set

Ecological time scale
------------------------------- = 0
Evolutionary time scale 



Rapid evolution: 

evolutionary time scale  ~ environmental time scale

Questions

3

Population 
structure

Environment

Selection

Metabolism creates 

new biochemical niches



Rapid evolution: 

evolutionary time scale  ~ environmental time scale

Questions

3

Population 
structure

Environment

Selection

Metabolism creates 

new biochemical niches

Evolutionary trajectory of entire ecosystem
can be affected by rapid evolution



Time-scale separation

• Feedback between ecology and evolution 
➔time scale separation not valid

57

In drawing a phylogenetic tree we set

Ecological time scale
------------------------------- = 0
Evolutionary time scale 



Idea: Niche construction

• Niche: The position of a species in its 
ecosystem

• Niche construction: mutual interaction 
between a species and the ecosystem

• The survival and diversification of a species 
depend on its niche - ecology

• The niche of a species is correlated with its 
ancestor’s - evolution

64



Minimal model for eco-evo dynamics

65

(𝑛0, 𝑟0, 𝑒0)

(𝑛1, 𝑟1, 𝑒1) (𝑛2, 𝑟2, 𝑒2)

𝑛: available niche 
𝑟: speciation rate
𝑒: extinction probability

𝒍𝟎

𝑙𝑖 follows exponential 
distribution with rate 𝑟

Niche = total available growth space 
or evolutionary degrees of freedom 

of the organism

An organism with a large niche value, 
has a large number of possible ways 

to adapt to the environment
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(𝑛0, 𝑟0, 𝑒0)

(𝑛1, 𝑟1, 𝑒1) (𝑛2, 𝑟2, 𝑒2)

𝑛: available niche 
𝑟: speciation rate
𝑒: extinction probability

𝑛1 = 𝑛0 + Δ𝑛1
𝑛2 = 𝑛0 + Δ𝑛2

Inheritance
Δ𝑛𝑖
𝑛0

∼ 𝑁 𝜇𝑛, 𝜎𝑛
2𝒍𝟎

𝑙𝑖 follows exponential 
distribution with rate 𝑟

Wikipedia, Creative Commons

Minimal model for eco-evo dynamics
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(𝑛0, 𝑟0, 𝑒0)

(𝑛1, 𝑟1, 𝑒1) (𝑛2, 𝑟2, 𝑒2)

𝑛: available niche 
𝑟: speciation rate
𝑒: extinction probability

𝑛1 = 𝑛0 + Δ𝑛1
𝑛2 = 𝑛0 + Δ𝑛2

Δ𝑛𝑖
𝑛0

∼ 𝑁 𝜇𝑛, 𝜎𝑛
2

𝑟 𝑛 = ቊ
𝑛, 𝑛 ≥ 0
𝑟𝜖 , 𝑛 < 0

More niches, more likely 
to speciate

+

Inheritance

Speciation

𝒍𝟎

Wikipedia, Creative Commons

𝑙𝑖 follows exponential 
distribution with rate 𝑟

Minimal model for eco-evo dynamics
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(𝑛0, 𝑟0, 𝑒0)

(𝑛1, 𝑟1, 𝑒1) (𝑛2, 𝑟2, 𝑒2)

𝑛: available niche 
𝑟: speciation rate
𝑒: extinction probability

𝑛1 = 𝑛0 + Δ𝑛1
𝑛2 = 𝑛0 + Δ𝑛2

Δ𝑛𝑖
𝑛0

∼ 𝑁 𝜇𝑛, 𝜎𝑛
2

𝑟 𝑛 = ቊ
𝑛, 𝑛 ≥ 0
𝑟𝜖 , 𝑛 < 0

More niches, more likely 
to speciate

+

𝑒 𝑟 =
𝑟

𝑟 + 𝑅0

+

Bounding the growth 
rate of the tree.

Extinction

Inheritance

Speciation

𝒍𝟎

Wikipedia, Creative Commons

𝑙𝑖 follows exponential 
distribution with rate 𝑟

Minimal model for eco-evo dynamics



Minimal model – topology
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𝑪(𝑨) ∼ 𝑨𝜼, 𝜼 ≈ 𝟏. 𝟓𝟏

Δ𝑛𝑖
𝑛0

∼ 𝑁 0, 𝜎𝑛
2 Robust against change in 

other parameters

Balanced tree
𝑪(𝑨) ∼ 𝑨 𝒍𝒏𝑨

Increasing 𝝈



Increasing 𝝈

Larger subtree

Cumulative
Edge Length

Minimal model – edge length

71

Robust against change in 
other parameters

Δ𝑛𝑖
𝑛0

∼ 𝑁 0, 𝜎𝑛
2

Under-
sampling of 
large subtrees



Niche model reproduces scaling

• Model can reproduce both scaling laws with 
exponents close to real trees

72E. A. Herrada et. al. PLoS one, 3, 
e2757 (2008)

James P. O’Dwyer et. al. PNAS, 112(27), 
8356-8361.

Real data

Niche Model

Topology Edge Length



Summary
• Q1: origin of these non-trivial power laws?

– Niche construction and the interplay between 
ecological process and evolutionary processes

• Q2: what do they tell us about living systems?
– Evolution is more than just mutations, HGT, etc.  One 

must take into account the ecological dynamics that 
lead to genetic fixation, even on time scales of 
billions of years
• Competition

• Predation

• Range expansion

• Metabolic cross-feeding
82



Some questions …

• Do we learn new physics when we study 
biological physics?
– or is it just insanely complicated soft material science?

• What are the universal phenomena in biology?

• Do they reveal anything important?

• What do we miss by not understanding universal 
phenomena?



What do we miss by not understanding 
universal phenomena?



Superconductivity

• Why did it take so long to make these discoveries?

• Derive easily from off-diagonal long-range order in a 
charged condensate coupled to an Abelian gauge 
field (electromagnetism)!

Discovery 
of zero 

resistance

Discovery 
of vortex 

lattice

Discovery 
of 

Meissner-
Ochsenfeld

effect

Discovery 
of 

Josephson 
effects

1911 1933 1955 1962



Superconductivity

• Universal aspects of superconductivity

• Apply to all materials: classic superconductors 
(phonon-mediated), high Tc superconductors (?-
mediated), color superconductivity in quark stars, …

Discovery 
of zero 

resistance

Discovery 
of vortex 

lattice

Discovery 
of 

Meissner-
Ochsenfeld

effect

Discovery 
of 

Josephson 
effects

1911 1933 1955 1962



Levels of description

Superconductivity

• Quantum chemistry and 
materials science

• BCS theory for 
interacting Cooper pairs

• Ginzburg-Landau theory 
for ODLRO + EM

Biology

• Atoms and molecules

• Elasticity theory for 
DNA; phase transitions 
for liquid-liquid 
intracellular complexes

• Dynamics of evolving 
systems



Levels of description answer different 
questions

Superconductivity
• Quantum chemistry and 

materials science

• BCS theory for 
interacting Cooper pairs

• Ginzburg-Landau theory 
for ODLRO + EM

Questions answered
• How do specific materials 

instantiate the BCS 
mechanism?

• What is the basic 
mechanism in weakly 
coupled Cooper pair 
superconductors?

• Why does the 
phenomenon of 
superconductivity exist?



Levels of description answer different 
questions

Biology

• Atoms and molecules

• Elasticity theory for DNA; 
phase transitions for 
liquid-liquid intracellular 
complexes

• Dynamics of evolving 
systems

Questions answered
• How do specific 

biopolymers interact, 
fold, undergo template-
directed synthesis, …

• What are the basic 
functional cellular 
processes?

• Why does the 
phenomenon of life exist?



Levels of description = levels of 
universality

Superconductivity
• Quantum chemistry and 

materials science
– Specific materials

• BCS theory for interacting 
Cooper pairs
– Weak coupling

• Ginzburg-Landau theory for 
ODLRO + EM
– All superconductors

Biology
• Atoms and molecules

– Specific biopolymers

• Elasticity theory for DNA; 
phase transitions for liquid-
liquid intracellular 
complexes
– Physics of sub-cellular 

components

• Dynamics of evolving 
systems
– All life



Why do we need universal level?

Superconductivity

• Ginzburg-Landau theory 
for ODLRO + EM

– All superconductors

• Failure to predict 
response to EM fields:

– Meissner effect, vortex 
lattice, Josephson effects

Biology

• Dynamics of evolving 
systems

– All life

• Failure to predict 
response to selective 
perturbations: 

– antibiotics, insecticides, 
herbicides, chemotherapy 
resistance
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Superconductivity

• Ginzburg-Landau theory 
for ODLRO + EM

– All superconductors

• Failure to predict 
response to EM fields:

– Meissner effect, vortex 
lattice, Josephson effects

Biology

• Dynamics of evolving 
systems

– All life

• Failure to predict 
response to selective 
perturbations: 

– antibiotics, insecticides, 
herbicides, chemotherapy 
resistance

By regarding 
superconductors as 

collections of atoms, we 
are missing the emergent 

laws that act at the 
system scale and govern 
the large-scale response 

to EM fields

We know how to solve 
this problem



Why do we need universal level?

Superconductivity

• Ginzburg-Landau theory 
for ODLRO + EM

– All superconductors

• Failure to predict 
response to EM fields:

– Meissner effect, vortex 
lattice, Josephson effects

Biology

• Dynamics of evolving 
systems

– All life

• Failure to predict 
response to selective 
perturbations: 

– antibiotics, insecticides, 
herbicides, chemotherapy 
resistance

By regarding 
superconductors as 

collections of atoms, we 
are missing the emergent 

laws that act at the 
system scale and govern 
the large-scale response 

to EM fields

We know how to solve 
this problem

By regarding biology as 
complicated physical 

systems, we are missing 
the emergent laws that 
act at the system scale 
and govern the large-

scale response to control 
perturbations

We do not know how to 
solve this problem yet



Some questions …
• Do we learn new physics when we study biological physics?

YES: LARGE FLUCTUATIONS, SELF-ORGANIZATION INTO EVOLVABLE, 
MODULAR, SELF-PROGRAMMING STRUCTURES

• What are the universal phenomena in biology?
GENETIC CODE, HOMOCHIRALITY, PATTERNS OF GENE 
EXPRESSION, DISTRIBUTION OF SPECIES, METABOLISM, …

• Do they reveal anything important?
PHASE DIAGRAM OF LIFE, CELL STRUCTURE AND PRINCIPLES
But universality can obscure microscale lower levels of 
description

• What do we miss by not understanding universal phenomena?
RESPONSE AND CONTROL OF BIOLOGICAL SYSTEMS



“Ask not what physics can do for 
biology;  ask what biology can 

do for physics”

Stanislaw Ulam


