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incorporate black hole physics have now 
been published by Tiziana Di Matteo 
from the Carnegie Mellon University 
in Pittsburgh and collaborators. This 
gives the best picture to date of how the 
cosmos formed. Called BHCosmo, this 
simulation tracks 230 million hydro-
dynamic particles in a cube the size of 
about 100 million light-years. It used 
the 2,000 processors of the Cray XT3 
system at the Pittsburgh Supercomputing 
Center over four weeks of run time.

The BHCosmo simulation starts from 
initial conditions corresponding to the 
standard ΛCDM model of cosmol-
ogy and self-consistently incorporates 
dark-matter dynamics, radiative gas-
cooling, star formation, as well as black 
hole growth and associated feedback 
processes. It is not well understood how 
supermassive black holes form, so Di 
Matteo and colleagues circumvented 
this problem by inserting a black hole 
of 105 solar masses at the centre of 
each dark matter halo reaching a criti-
cal mass. These “seed” black holes can 
already form 300 million years after 
the Big Bang and their growth – by gas 
accretion and mergers with other black 
holes – depends very much on their 
environment. Strongly accreting black 
holes manifest themselves as quasars 
by emitting intense radiation that heats 
the surrounding gas. This heating in the 

The filamentary structure of matter in a large 
volume of the universe as simulated about 6 
billion years after the Big Bang. Black holes 
of different mass are represented by yellow 
circles. (Courtesy Pittsburgh Supercomput-
ing Center.)

portion of the universe over billions of 
years. They show how a uniform dis-
tribution of matter in the early universe 
progressively forms galaxies and clus-
ters of galaxies – predominantly along a 
filamentary, sponge-like structure. This 
characteristic structure arises naturally 
from the mutual gravitational pull of 
matter making dense regions denser and 
voids emptier. However, a realistic simu-
lation down to scales of single galaxies 
should include astrophysical processes 
that are related to the formation and 
evolution of stars and supermassive 
black holes.

The results of the first simulation to 

BHCosmo simulation is found to be an 
important feedback process that expels 
the galaxy’s interstellar gas into inter-
galactic space and in the mean time 
extinguishes the quasar activity. This 
mechanism helps to explain why most 
elliptical galaxies are left with a low gas 
content and can therefore no longer form 
new stars. Past quasar activity of the 
supermassive black holes in their centres 
would thus be responsible for their old 
and reddish stellar populations. The 
BHCosmo simulation also confirms the 
observed relationship between the mass 
of the black hole and the mass of stars in 
galaxies. This suggests that black holes 
regulate galaxy formation and growth, 
but how this happens is not yet under-
stood.

This work shows how the formation 
and evolution of about a million galax-
ies can be simulated in a representative 
portion of the universe with relatively 
simple assumptions. The good match 
between the simulated and observed 
properties of galaxies allows the predic-
tion of what sort of galaxies will be seen 
at very high redshift by next-generation 
telescopes.

Further Reading
[1] T. Di Matteo et al., Astroph. Jour-

nal, submitted (2007), http://arxiv.
org/abs/0705.2269.

Christine Sutton, Editor, CERN,
1211 Geneva 23, Switzerland.

The permission for reprinting the pres-
ent article, as published previously in 
CERN Courier, Vol. 47, No. 10, December 
2007, was granted through the author 
and CERN Courier, http://www.cerncou-
rier.com/.   

T. D. Lee: A Bright Future for Particle 
Physics
Fifty years after receiving the Nobel prize, T. D. Lee's view of the health of particle 
physics continues to be overwhelmingly optimistic, as he revealed during a recent 
visit to CERN.

On 10 December 1957, two young Chi-
nese-Americans arrived in Stockholm 
to collect the Nobel Prize in Physics 
– the first Chinese to achieve this award. 
Tsung-Dao Lee and Chen Ning Yang 

received their share of the best-known 
prize in science for work done in the 
summer of 1956, in which they proposed 
that the weak force is not symmetric 
with respect to parity – the reversal of 

all spatial directions. The bestowal of 
the Nobel was a fitting end to a tumultu-
ous year for physics, which began with 
results from an experiment on nuclear 
beta-decay in which Chien-Sung Wu and 
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the discovery of a total of six kinds of 
quark, a third charged lepton (the τ) and 
three kinds of neutrino. Five decades 
ago, Lee explained: “We knew a form 
of neutrino, but we didn’t know how 
to make a coherent mixture of all these 
three.” Now, one of Lee’s main interests 
lies in the phenomenon of mixing in the 
leptons and quarks, described by two 3 
× 3 matrices, which he calls the corner-
stones of particle physics.

Lee is fiercely proud of the progress 
in particle physics, and believes that the 
second half of the 20th century was as 
rich as the latter part of the 19th century. 
The 1890s saw the discovery of the 
electron, and Ernest Rutherford opened 
the door to a new world with his work 
on alpha, beta and gamma radiation. 
Here already, Lee observes, was much 
of 20th-century physics – alpha, beta 
and gamma decay, respectively, occur 
through the strong, weak and electro-
magnetic interactions, which underpin 
the Standard Model. “Now, 100 years 
later, we realize that all of our kind of 
matter is made of 12 particles, divided 
into four families, each of three particles 
of the same charge – that is fantastic.” 
He believes that the field is poised to 
lead to more great physics out of a better 
understanding of these basic constituents.

Lee’s contributions to particle phys-
ics during the past 50 years have been 
equally impressive. Growing up in 
China, he proved to be an excellent 
student and in 1946 he was able to go to 
the University of Chicago on a Chinese 
government scholarship. He gained his 
PhD under Enrico Fermi in 1950 and 
in 1953 was appointed assistant profes-
sor of physics at Columbia University, 
where he remains an active member of 
the faculty. His work in particle physics 
ranges from the ethereal, almost insub-
stantial world of the weakly interacting 
neutrinos to the rich, dense soup of the 
strongly interacting quark–gluon plasma.

 
At Columbia in the late 1950s, Lee’s 

enthusiasm for studying weak interac-
tions at higher energies than in particle 
decays helped to inspire an experimen-
talist colleague, Melvin Schwartz, to 
work out how to make a beam of neutri-
nos. This led to the famous experiment 
at Brookhaven National Laboratory 
in 1962, which showed that there are 
two different neutrinos associated with 
the electron and the muon. Two years 
later, Brookhaven was again the scene 
of a groundbreaking experiment, when 
James Cronin, Val Fitch and colleagues 
discovered that the combined symmetry 
of charge-conjugation and parity (CP) is 
violated in the decays of neutral kaons. 
This phenomenon was eventually under-
stood in the context of six kinds of quark 
and their 3 × 3 mixing matrix – a major 
focus of Lee’s current work.

At around this time, Lee also made 
a seminal contribution to field theory, 
which would ultimately be an impor-
tant part of QCD, the theory of strong 
interactions. What is now known as the 
Kinoshita–Lee–Nauenberg theorem 
deals with a problem of infrared diver-
gences in gauge theories. In QCD, this 
underlies our understanding of the pro-
duction of jets from quarks and gluons 
– a topic of key importance at particle 
colliders, from the early days of SPEAR 
at SLAC to the LHC, about to start up at 
CERN.

Lee enthuses about the enormous progress in particle physics over the past 50 years during 
his colloquium at CERN.

collaborators had shown that Lee and 
Yang were correct: nature violates parity 
symmetry in weak interactions.

Half a century later, Lee continues 
to focus on understanding the basic 
constituents of matter and, in particu-
lar, symmetry in fundamental particles, 
though much has changed in the in-
tervening years. “Our concept of what 
matter is made of, 50 years later, is very 
different,” he points out. “Today, we 
now know that all matter is made of 12 
particles: six quarks and six leptons. 
The constituents of all matter – not dark 
matter, not dark energy but our kind of 
matter – every star, our Milky Way, all 
the galaxies in the universe are made of 
these 12.”

These 12 particles, divided into four 
families, each with three particles of the 
same charge, form the basis of the cur-
rent Standard Model of particle physics. 
They are what students first learn about 
the subject. In 1957, however, physi-
cists had a clear knowledge of only two 
of these – the electron and the muon, 
both charged leptons. Quarks lay in the 
future, and the neutrino associated with 
nuclear beta-decay had been detected 
for the first time only the previous year. 
Since then, the field has blossomed with 
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However, it is in the physics of hot, 
dense QCD matter in the form of a 
quark–gluon plasma that Lee has made 
one of his most important marks, push-
ing people to realize that it was indeed 
possible to observe this exciting new 
state of matter. In 1974, at a time when 
experimentalists were concentrating 
on smaller and smaller scales, he put 
forward the idea that “It would be in-
teresting to explore new phenomena by 
distributing high energy or high nuclear 
density over relatively large volume.” 
In particular, he saw the possibility 
of restoring broken symmetries of the 
vacuum in collisions of heavy nuclei. 
This was one of the inspirations behind 
those who pushed for the RHIC collider 
at Brookhaven, and Lee witnessed the 
results emerging on strongly interact-
ing quark–gluon plasma during the past 
few years with excitement. He also sees 
a possible link between the physics of 
heavy-ion collisions and the physics 
of dark energy. Both could involve a 
collective field – a scalar – that in the 
presence of a matter field can generate a 
negative pressure. “I believe the heavy-
ion programme at the LHC will be very 
important to explore this possibility.”

During Lee’s recent visit to CERN, 
he saw the enormous effort now going 
into preparations for the LHC. So what 

does he think the experiments there 
will find? While he expects the LHC to 
make important discoveries, including 
evidence for new particles such as the 
Higgs boson, his continuing thoughts 
about symmetry in the universe lead to 
more personal predictions.

He believes that asymmetries in parity, 
charge conjugation and time reversal 
are not asymmetries of the fundamental 
laws of physics. Instead, he thinks it is 
likely that they are “asymmetries of the 
solutions, namely the Big Bang universe 
we live in – it is the solution that is not 
symmetrical.” In other words, he sees 
CP violation as an effect of spontane-
ous symmetry-breaking. In this case, 
says Lee, there is a possibility of find-
ing right-handed W and Z particles to 
match the left-handed Ws and Z already 
known. Other new particles could 
be massive partners for the massless 
graviton, just as the massless photon has 
heavy partners in the W and Z. “They 
will have to be uncovered, and the LHC 
might also be the first window on that.”

The promise that the LHC holds for 
the future fits well with Lee’s overall 
view of the state of particle physics. 
“It will be a turning point. By what we 
discover here we will also know what 
to do as a next step. We expect that the 

LHC will give us a world of discoveries 
that will set the route for our future ex-
plorations,” he says. Half a century after 
his Nobel prize, he retains an inspiring 
optimism: “I believe that the beginning 
of the 21st century will be as important 
for physics as the beginning, the first 50 
years, of the 20th century, and the LHC 
is going to be the machine to make the 
first discovery – so it is very lucky to be 
here.”

Further Reading
For a video of T. D. Lee’s colloquium at 
CERN on “Symmetry and asymmetry in 
electro-weak interaction” (50 years after 
the discovery of parity nonconserva-
tion), see http://indico.cern.ch/conferen-
ceDisplay.py?confId=19674.

Lee, eight years after his Nobel win, speaking about 
the weak interaction at a neutrino conference at CERN 
in 1965.

Lee with Peter Jenni, spokesperson of the ATLAS collaboration, during his tour of 
the experiment in its underground cavern.


