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In the past brain states were 
unaccesible and wild speculations 
were limited to outside of your 
head 
  



3 

Brains are networks producing behavior ... 
 
 

 
 

“Behavior” (usually bursty, complex, intermittent) 

Large scale Small scale 

at various scales… 

Nowadays we can see 
these states… 
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30 May 1846 - 24 November 1910 



5 Chimografo E. Zimmermann. Leipzig - 1898 
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Italian physiologist Angelo Mosso is 
buried in a very simple tomb in one of 
the Meritorious people arches inside 
the Monumental Cemetery of Turin 
(3rd extension, Arch 56).  
 
 
The Italian inscription reads as follows: 
 
 "AD ANGELO MOSSO / FISIOLOGO 
INSIGNE / CON MOLTEPLICE 
OPERA INFATICATA / 
ILLUSTRATORE DELLE MODERNE 
SCIENZE / QUI TORINO SERBA 
PERPETUO ONORE  
 
/ 31 MAGGIO 1846 – 24 NOVEMBRE 
1910/  
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We know better now 
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What is this business (without any 
rigor) of criticality about?  
 
(in 5 minutes) 
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T<TC T>TC T~TC 

Critical SubCritical SuperCritical 

Snapshots of 
spins states 
in a model 
system 
(Ising) 

*Large fluctuations and long range (power law) correlations   

*Divergence of correlation length 

*Highest susceptibility (highest variability) 

What is special about being critical?  
Recall Ferromagnetic-paramagnetic Phase-Transition 

Only at Tc   
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highest variability always at the transition 
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Because the world around us - in which brains have to survive- 
more often looks like this 

Subcritical SuperCritical Critical 

Not  like that! 

 

 
  

Which is related to the question: 

Why do we need a brain at all?  
Four Fs (of evolution):  fighting, fleeing, feeding, and reproduction 



Ok, even if the physical world is plenty of critical 
stuff but... Why the brain itself has too be Critical? 

Why do we need a brain at all?  

• In a sub-critical world everything would be simple and uniform - there 
would be nothing to learn.  

• In a supercritical world, everything would be changing all the time - it 
would be impossible to learn.  

The brain is only necessary to navigate in a complex, critical world . 

 

 

 

A brain not only have to remember, but also to forget and adapt.  

• In a sub-critical brain memories would be frozen.  

• In a supercritical brain, patterns change all the time so no long term 
memory would be possible. 

To be highly susceptible, the brain itself has to be in the (in-between) 
critical state. 
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Collectives: A few conflictive demands ... 

 As a collective the brain have a few conflictive demands: 
 

 
  

“Integrated”  AND   “segregated” dilema (Edelman,Sporns,Tononi, etc). 

„The brain has to be integrated AND segregated“ 

This  “dilema” is probably not unique of brains but generic of complex 
systems. 

Q: how different is this conflict from being spontaneously posed at a 
phase transition in between order and disorder?  
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Attractor (stable) networks, deep sinks                      Critical always shallow sinks 
  

Two opposed views 

Circuits Rivers beds 
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24 Both are self-organized spatiotemporal patterns lacking a characteristic scale 

fMRI data from a healthy subject during resting 
state, shown about 13 times faster than real time 
(BOLD signal with the mean substracted). 

300000 starlings in the spring (real time.) 

1) divergence of correlation length. 
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System Size  
increases  

Compute the correlation length ξ for 
increasing system’s size: It is a 
constant    

Example of a system with finite correlation ξ length (independent of system’s size) 
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“followers?” 

“leaders” 

Correlation function of one flock Correlation length of many flocks 

10 meters 

From Cavagna et al, Scale-free correlations in bird flocks, arXiv:0911.4393, (2010); Also in PNAS (2010) 
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Rescaling the distance axis by its correlation length gives a unique correlation function   

All flocks, big and small obeys the same laws* 
 
In English: The speed fluctuations of two birds 1 meter apart, flying in a flock of 
10 meters are as correlated as two birds separated 10 meters on a flock of 100 
meters…  

*From Cavagna et al, Scale-free correlations in bird flocks, arXiv:0911.4393, (2010) ; Also in PNAS (2010) 



28 Chialvo DR. Emergent complex neural dynamics: the brain at the edge. Nature Phys, (2010 ) 

Correlation patterns derived from the data  above 

1

Time (one image every 2.5 sec.) 

Where are the birds in your head? 
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One piece of 
“music” 
(ie., one IC) 

Four “bands” 
playing it 
(i.e., the lC 
location) 

Time  

Networks of “brain at rest”: 
Appropriate mathematical analysis of the temporal activity of brain fMRI signals at 
rest uncovers 6 to 10 distinct interacting “networks”. 
 
Think about these networks as  
• orchestras (networks)  
• playing different symphonies (fMRI signals)  
• at various parks (brain regions) of a city. 
 
Here one symphony (here one corresponding to the sensory motor network): 

Bottom  Top (of head) 
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The “top 10 bands” 

Visual 1 Default mode N Cerebellum 

Sensory 
Motor 

Auditory Executive 
Control 

Fronto Parietal 
Left 

Fronto Parietal 
Right 

Visual 2 Visual 3 

*From Smith et al., The brain’s functional architecture, PNAS, 106(31) 2009.   
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Eight PICA-estimated resting patterns estimated from a group of subjects. 
 
Left panels shows the sagital, coronal and axial views for each map. Right panels 
depict the size of each of 35 clusters (a.k.a “blobs”) analyzed (top) and its 
distribution.  

Using Principal Components select  the eight most 
relevant  

 split into 35 clusters 
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Big, intermediate and small “blobs” 
behaves all in the same way 
 
 
The bottom line: Two places 4 mm 
appart on a blob of 20 voxels are as 
correlated as those 40 mm appart on a 
blob of 4000 voxels 
 
 
Rescaled C(x) is not very good and worst 
for less spherical blobs, as expected  

Correlation length diverges with cluster size    

Compute the average correlation for blobs, plot as a function of distance   
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Chialvo DR & Fraiman D. Optimal information-sharing in 
brain resting state network. 
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Mutual information diverges with cluster size.  
  

Mutual information MI(r) as a function of 
distance r averaged over all time series of each 
of the thirty five blobs. 

Rescaled mutual information 
  

MI(X;Y) = H(X) - H(X | Y) 

Doing the same for Mutual Information  

Chialvo DR & Fraiman D. Optimal information-sharing in 
brain resting state network. 
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The variance of the correlations 
computed for the thirty five 
 blobs is independent of size 

The variance of the correlations 
 is independent of the blob size 

What is the origin of the anomalous scaling of the variance of the mean activity 

Spikes  of high correlation 

Spikes  of low correlation 



36 !" !"" !""" !""""
#$%&'()*

!

!"

!""

!"""

!""""

!

!"

!""

!"""

!""""

+,
-(,
.&
-,
/&
'0
$/
1,
2*

" 34" 45"
''''''''''''''''''''''''''''''''''6$7&'(0&8*

" 34" 45"

)9:;

)9!<4

)95;"

)9==!!

The variance of the temporal fluctuations 
is independent of the blob size. 
 
Moral:  
Brain models, by construction, WONT 
scale like that!! 

variance of the fluctuations 
computed for the thirty five blobs 

variance of the fluctuations 
computed for randomized data 

Anomalous scaling of the variance of the mean “brain activity” 

Chialvo DR & Fraiman D. Optimal information-
sharing in brain resting state network. 
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Another control:  
the original 
unpartitioned 
blobs (the eight 
brain systems) 

Chialvo DR & Fraiman D. Optimal information-sharing in 
brain resting state network. 
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Grey matter 

White matter 

β = 0.47+0.2   α= 0.45 

2) All at once: renormalization 
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Lets get the dynamics  (thanks to Poincare) 
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Lets do some modeling  
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Modeling the connectome 
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the connectome 

+ some dynamics 
  

Phase transition 
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The experimental dynamics 
is replicated only at criticality  Divergence of correlations 
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Anomalous scaling of 
short term correlations 

The experimental dynamics 
is replicated only at criticality 
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The experimental dynamics 
is replicated only at criticality 
  
(resting state networks) 
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