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Giorgio Parisi
Some pics
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Giorgio Parisi
A renaissance man with so many interests

Theoretical physics & math

Particle physics – Statistical physics – Dynamical systems & turbulence...

Numerical methods – Mathematics

Technical

Computer architecture – Observation methods & data analysis

the beyond∗

Neural nets, immunological system, optimisation, active matter, climate science...

Roman students’ nickname of ∗Mézard, Parisi & Virasoso, Spin glass theory and

beyond (World Scientific 1987)

and a school of thought: a way of doing physics
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Giorgio Parisi
A renaissance man with so many interests

Theoretical physics & math

Particle physics – Statistical physics – Dynamical systems & turbulence...

Numerical methods – Mathematics

Technical

Computer architecture – Observation methods & data analysis

the beyond∗

Neural nets, immunological system, optimisation, active matter, climate science...

Roman students’ nickname of ∗Mézard, Parisi & Virasoso, Spin glass theory and

beyond (World Scientific 1987)

it is not possible to cover all - let me tell you one story
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Academic career
Rome - USA - France - Rome

Laurea at the Sapienza University of Rome (1970)

Researcher at the Laboratori Nazionali di Frascati (1971 - 1981)

Visiting scientist at Columbia University (1973 - 1974)

Visiting scientist at the Institut des Hautes Études Scientifiques (1976 - 1977)

Visiting scientist at École Normale Supérieure (1977 - 1978)

Full professor at the University of Rome Tor Vergata (1981 - 1992)

Full professor at the Sapienza University of Rome (1992 - )

Member of the Accademia Nazionale dei Lincei since 2009
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Rome
Central to modern physics since at least the 30s

I ragazzi di via Panisperna

D’Agostino, Segrè, Amaldi, Rasetti & Fermi

1930, circa

Photo on the left from wikipedia

Photo on the right, it’s mine
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Rome
Late 60s - both cond-mat & particle physics

Giovanni Gallavotti Giovanni Jona-Lasinio Carlo Di Castro

Nicola Cabibbo Luciano Maiani Guido Altarelli
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Research debuts
The early 70’s: a great period for Theoretical Physics in Rome

Giorgio in Nicola Cabibbo’s Theory Group

Quantum Field Theory (as opposed to S-Matrix) for particle physics

First papers∗

∗ from Giorgio’s webpage https://chimera.roma1.infn.it/GIORGIO/papers.html
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Nicola Cabibbo
Giorgio’s supervisor laurea degree 1970

Photo from Emilio Segrè’s Visual Archives, Niels Bohr Library & Archives
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Research debuts
... Statistical Physics was already meddling in

Giorgio in Nicola Cabibbo’s Theory Group

Quantum Field Theory (as opposed to S-Matrix) for particle physics

First papers∗

∗ from Giorgio’s webpage https://chimera.roma1.infn.it/GIORGIO/papers.html
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Academic career
Rome - USA - France - Rome

Laurea at the Sapienza University of Rome (1970)

Researcher at the Laboratori Nazionali di Frascati (1971 - 1981)

Visiting scientist at Columbia University (1973 - 1974)

Visiting scientist at the Institut des Hautes Études Scientifiques (1976 - 1977)

Visiting scientist at École Normale Supérieure (1977 - 1978)

Full professor at the University of Rome Tor Vergata (1981 - 1992)

Full professor at the Sapienza University of Rome (1992 - )

Member of the Accademia Nazionale dei Lincei since 2009
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Particle Physics
in Paris

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution equations describe the

variation of the parton distribution functions with varying energy scales

Parton: Pre-QCD name for hadron (protons, neutrons) constituents (quarks, gluons)
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Particle Physics
the Altarelli-Parisi paper

Altarelli Yuri Parisi

EPS High Energy and Particle Physics Prize “for having developed the scheme

of a probabilistic field theory for the dynamics of quarks and gluons, enabling a

quantitative understanding of high-energy collisions between hadrons”

"... Guido liked to remark that it is the most cited French paper in the field of high energy physics."
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Random matrices
Planar diagrams - 1978

Exploiting ’t Hoft’s ideas to constrain the types of Feynman diagrams in gauge field
theories & matrix models, e.g.

L = Tr(∂µM∂µM
†) + Tr(MM †) +

g

2N
Tr(MM †MM †)

withM(~x) anN ×N matrix, in the largeN limit & thus count planar diagrams
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Transition
Particle Physics 7→ Statistical Physics

“At the beginning of the 80’s I became mostly interested in problems in

statistical mechanics and my only residual activity in high energy physics

was lattice QCD”

G. Parisi, Historical and personal recollections of Guido Altarelli,
EPJ Web of Conferences 164, 02001 (2017)
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Disordered Systems
What are they? Dirty materials

e.g. a crystal with magnetic impurities placed at fixed random positions,

a spin-glass

Finite d Heisenberg

HJ = −
∑
ij

Jij(R) si · sj

Fully connected Ising SK

HJ = −
∑
i 6=j

Jij sisj

Exchanges chosen from a pdf

P (Jij) typically Gaussian

Sketch from Binder & Young, Rev. Mod. Phys. 58, 801 (1986)
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Disordered Systems
Self-averageness & the equilibrium Replica Method

Take a fully-connected spin {si}, i = 1, . . . , N model with quenched random

interactions Jij drawn from a probability distribution P (Jij)

HJ [{si}] = −
∑
i 6=j

Jijsisj

In theN →∞ limit, disorder averaged & typical free-energy densities, coincide

fJ =
N→∞

[fJ ] = −kBTN−1[lnZJ ] self-averageness

The disorder average can be evaluated with the help of the replica trick which

uses the identify xn = exp(n lnx) Taylor expanded around n = 0

xn =
n→0

1 + n lnx+O(n2) ⇒ [lnZJ ] =
n→0

[ZnJ ]− 1

n
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Replica method
A sketch

−β[fJ ] = lim
N→∞

[lnZJ ]
N

= lim
N→∞

lim
n→0

[ZnJ ]− 1

Nn

ZnJ is the partition function of n independent copies of the system: the replicas

Gaussian P (Jij) average over disorder⇒ replica coupling∑
a

∑
i 6=j Jijs

a
i s
a
j ⇒

∑
i 6=j
∑

ab s
a
i s
a
j sibs

b
j

Quadratic decoupling with the Hubbard-Stratonovich (Gaussian) trick

Qab
∑

i s
a
i s
b
i +

1
2Q

2
ab

Qab is a 0× 0 matrix but it admits an interpretation in terms of overlaps

The elements of Qab can evaluated by saddle-point if one exchanges the limits

lim
N→∞

lim
n→0

. . . 7→ lim
n→0

lim
N→∞

. . .
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Disordered Systems
The structure of the matrix Qab

Replica Symmetry

Sherrington & Kirkpatrick, Solvable model of a spin-glass, PRL 35, 1792 (1975)

but S(T = 0) < 0 and the saddle-point Qab = q is not stable

de Almeida & Thouless , Stability of the Sherrington-Kirkpatrick solution of a spin glass
model, J. Phys. A : Math. Gen. 11, 983 (1978)

Fig. from Morone, Caltagirone, Harrison & Parisi, Replica Theory and Spin Glasses,
Les Houches 2013
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Disordered Systems
Why? Answer: a nice open mathematical problem
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Disordered Systems
The structure of the matrix Qab

Replica Symmetry Breaking

Now S(T = 0) = 0 and the saddle-point Qab is stable

Fig. from Morone, Caltagirone, Harrison & Parisi, Replica Theory and Spin Glasses,
Les Houches 2013
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Disordered Systems
The disorder averaged overlap distribution function P (q)

The elements of the matrix Qab are overlaps between equilibrium states

Qab =
1
N

N∑
i=1

sai s
b
i

and are distributed according to PJ(q = Qab)

Parisi’s 79-82 a way to calculate P (q) = [PJ(q)]⇒ [fJ ]

High temperature FM Structural glasses Spin-glasses

The predicted equilibrium free-energy density [fJ ] was confirmed by Guerra &

Talagrand 00-04 with independent mathematical-physics methods
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Disordered systems
How to measure PJ(q)? Overlaps between real replicas

Take one sample and run it, with e.g. Monte Carlo, until it reaches equilibrium,

measure the spin configuration {si}.

Re-initialize the same sample (same Jij ), run it again until it reaches again

equilibrium, & measure the spin configuration {σi}.

Construct the overlap qsσ ≡ N−1
∑N

i=1 siσi.

In a PM system the overlap will typically vanish as, say, N−1/2

Many repetitions

for a system with N � 1

P (qsσ) = δ(qsσ)
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Disordered systems
How to measure PJ(q)? Overlaps between real replicas

Take one sample and run it, with e.g. Monte Carlo, until it reaches equilibrium,

measure the spin configuration {si}.

Re-initialize the same sample (same Jij ), run it again until it reaches again

equilibrium, & measure the spin configuration {σi}.

Construct the overlap qsσ ≡ N−1
∑N

i=1 siσi.

In a FM system there are four possibilities

qsσ = m2 m2 −m2 −m2

Many repetitions P (qsσ) = 1
2
δ(qsσ −m2) + 1

2
δ(qsσ +m2)
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Disordered Systems
How to measure PJ(q)? Overlap between real replicas

SK model with N = 4096 at T = 0.4Tc and six Jij , one per panel

HJ [{si}] = −
∑
i 6=j

Jijsisj q = 1
N

∑
i
siσi PJ(q)

Aspelmeier, Billoire, Marinari & Moore, Finite size corrections in the Sherrington-
Kirkpatrick model, J. Phys. A 41, 324008 (2008)
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Real replicas
How to measure PJ(q)? Overlap between real replicas

SK model with N = 4096 at T = 0.4Tc and six Jij , one per panel

HJ [{si}] = −
∑
i 6=j

Jijsisj q = 1
N

∑
i

siσi PJ(q)

J
(1)
ij J

(2)
ij J

(3)
ij

Data in each panel for a different realization of the random couplings

Most samples have peaks at |q| < qEA :

replicas {si} and {σi} falling in different states
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Disordered systems
Thouless-Anderson-Palmer

SK model HJ = −
∑
i 6=j

Jijsisj

(Naive) free-energy function of the local order parameters mi = 〈si〉

NfJ({mi}) = −
∑
i 6=j

Jijmimj + kBT
N∑
i=1

1+mi
2 ln 1+mi

2 + 1−mi
2 ln 1−mi

2

and the (naive) TAP equations
mi = tanh

∑
j(6=i)

2βJijmj

that determine the mi at the saddle-point level

Thouless, Anderson, Palmer, Solution of ’Solvable model of a spin glass’, Phil. Mag.
35, 593 (1977). De Dominicis & Young, Weighted averages and order parameters for
the infinite range Ising spin glass, J. Phys. A : Math. Gen. 16, 2063 (1983)
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Disordered systems
Many solutions: complex landscapes

Fig. from C. Cammarota
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Much more
Opened so many areas of research

and more or less simultaneously !
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Stochastic resonance
Stochastic processes & climate science - 1981

dT (t)

dt
= [T (t)(a− T 2(t))︸ ︷︷ ︸

non−linear

+A cos Ωt︸ ︷︷ ︸
periodic

] + ξ(t)︸︷︷︸
white noise
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Kardar-Parisi-Zhang
Surface growth - 1986

∂th(~x, t) = ν∇2h(~x, t)︸ ︷︷ ︸
Edwards−Wilkinson

+ λ(~∇h(~x, t))2︸ ︷︷ ︸
KPZ

+ ξ(~x, t)︸ ︷︷ ︸
white noise

Kardar, Parisi & Zhang, Dynamic Scaling of Growing Interfaces, PRL 56, 889 (1986)

Square of the surface slope

non-linear equation

non-Gaussian statistics

Mathematics

M. Hairer, Fields Medal 2014

Experiments Takeuchi, Physica A 504, 77 (2018)

IUPAP Young Scientist Award 2013
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Array processor with emulator
APE: a computer for lattice QCD− since 1984

APE images & photos courtesy of Gaetano Salina
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Array processor with emulator
APE: a computer for lattice QCD− since 1984

Enzo Marinari - Gaetano Salina - Nicola Cabibbo Giorgio Parisi - G. Salina

APE images & photos courtesy of Gaetano Salina

More later on computer design: SUE-Janus collaboration for spin-glasses
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Disordered Systems
Late 80s - early 90s in Rome

Daniel Amit Miguel Virasoro Giorgio Parisi

Neural Nets Disordered Systems

Roma I Roma II
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My Roman times
1991 - 1994
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My Roman times
Out of equilibrium dynamics of spin glasses & glasses

HJ [{si}] = −
∑

i1 6=···6=ip

Ji1...ipsi1 . . . sip p-psin spherical model

random coupling exchanges drawn from P [Ji1...ip ]

Langevin dynamics (coupling to a bath) γ dsi
dt

= − δH
δsi

+ ξi

Analytic solution vs.

Experiments @ Uppsala, Saclay, UCLA

out of equilibrium relaxation

Aging effects & violations of FDT

LFC & Kurchan, Analytic Solution of the Off-Equilibrium Dynamics of a Long-Range

Spin-Glass Model, PRL 71, 173 (1993)
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My Roman times
La Sapienza
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My Roman times
Laurea at Tor Vergata (after PhD)

Benzi & Parisi

e.g. H =
∫
ddx

[
1
2 (∇φ)

2 + r
2φ

2
]

with γ ∂φ∂t = − δHδφ + ξ

Photo on the left Rosa Zaldivia (mamma)
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The beyond

39



Attractor Neural Networks
Hopfield models

H =
∑
i 6=j

Jijsisj (Hopfield 1982) with Jij = 1
M

M∑
µ=1

ξ
(µ)
i ξ

(µ)
j (Hebb 1949)

N neurons si and M patterns ξ
(µ)
i learnt

Neuron activity

si = 1 active si = −1 inactive

Symmetric couplings

Fully connected network

Replica Method used to find the maximal (storage) capacity α = M/N

of such neural networks Amit, Gutfreund & Sompolinsky, PRL 55, 1530 (1985)
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Physics & biology

Parisi, Physics World 1993
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Optimization problems
Constrained satisfaction problems

Problems involving variables which must satisfy some constraints

e.g. equalities, inequalities or both

studied in computer science to

compute their complexity or develop algorithms to most efficiently solve them

Typically, N variables, which have to satisfy M constraints.

e.g. the variables could be the weights of a neural network, and each constraint
imposes that the network satisfies the correct input-output relation on one of M
training examples (e.g. distinguishing images of cats from dogs).

Statistical physics approach

thermodynamic limit N →∞ and M →∞ with α =M/N finite
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Optimization problems
K-Satisfiability

Hard to decide formulæ are made ofM clauses involving k literals required

to take the true value (x) or the false value (x) each, these taken from a pool of

N variables. An example in k = 3-SAT is

F =


C1 : x1 OR x2 OR x3

C2 : x5 OR x7 OR x9

C3 : x1 OR x4 OR x7

C4 : x2 OR x5 OR x8

All clauses have to be satisfied simultaneously so the formula has to be read

F : C1 AND C2 AND C3 AND C4

When α ≡ M/N � 1 the problems typically become unsolvable while many

solutions exist for α� 1. A sharp threshold at αc for N,M →∞
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Random optisation problems
e.g., Random K-sat

Optimisation problems,

e.g. random K-SAT

Formula = ∧Mk=1Ck({Bi})

Boolean Bi = 1, 0 with i = 1, . . . , N

Spin-glass on a random graph

Complex (free)energy - cost function

landscape

Disordered systems techniques (replicas, cavity methods) characterise these

landscapes in great detail⇒ guidelines to develop

smart algorithms to solve F (find minimum) in hard phases (M/N control)

Mézard, Parisi & Zecchina, Analytic and Algorithmic Solution of Random Satisfiability

Problems, Science 297, 812 (2002)
Onsager prize APS 2016
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Animal behaviour
Collective motion of starlings
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Animal behaviour
Observation and data collection in Rome

Reconstruction of the 3d positions of individual birds in airborne flocks of a

few thousand members

Opened the way to unprecedented data analysis

e.g., proof that the interaction depends on the topological distance

Six-to-seven neighbour range

Importance for cohesive reaction against predators

Ballerini, Cabibbo, Candelier, Cavagna, Cisbani, Giardina, Lecomte, Orlandi,

Parisi, Procaccini, Viale & Zdravkovic, Interaction ruling animal collective behavior

depends on topological rather than metric distance: Evidence from a field study,
PNAS 105, 1232 (2008)
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The SUE & Janus collaborations
Special Purpose Computers for spin glass simulations - 2000

Roma - Ferrara (Italia) Badajoz - Madrid - Zaragoza (España)

Discrete spins & couplings

(Fe0.5Mn0.5TiO3)

Field Programmable Gate Arrays

∼ 5× 105 PCs

Monte Carlo Simulations

3d Edwards-Anderson Model

Equilibration of∼ 103 − 104 samples

L = 32 down to T ∼ 0.65Tc

Out of equilibrium∼ 102 samples

L = 80, 1012 MCs ∼ 1s

time-scales comparable to

experimental ones
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The SUE & Janus collaborations
Three dimensional Edwards-Anderson model

Álvarez Baños et al, Nature of the spin-glass phase at experimental length scales

J. Stat. Mech. P06026 (2010)
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& so much more
just in Statistical Physics

Stochastic Quantisation (with Y-S Wu)

Langevin equations & Supersymmetric Quantum Mechanics (with N Sourlas)

Multifractality (with R Benzi, G Paladin & A Vulpiani)

Random matrices for glasses (with LFC, J Kurchan & F Ritort)

Effective potential for random first order phase transitions (with S Franz)

Large d theory for glasses (with J Kurchan, P-F Urbani, F Zamponi)

etc

49



The school
Map of co-authors∼ 300
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The school
Map of co-authors

51



Responsabilities
Lecturer & scientific advisor∗ at Les Houches

From the Les Houches School website ∗All my gratitude
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RSB40
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70th birthday

Juan Ruiz-Lorenzo LFC GP Miguel Virasoro Daniel Stariolo
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