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Quantum computers: With the ever increas-
ing power of computers the range of prob-
lems that can be attacked with computational 
methods is growing larger and larger. Never-
theless, there are systems which seem to be 
beyond the possibility of numerical simula-
tions. These are not only very large classical 
systems but also many systems governed by 
the laws of quantum mechanics. Due to the 
possibility of quantum-mechanical super-
positions the amount of information needed 
to describe a quantum system grows expo-
nentially with the system size, and hence, 
even small systems can already be intract-
able. In the early 1980s, Richard Feynman 
conjectured that a computer that took expli-
cit advantage of the weird features of 
quantum mechanics may be capable of simu-
lating quantum system that seem to be bey-
ond the range of any other kind of quantum 
mechanics. In 1994, Peter Shor realized that 
such a device could also solve certain math-
ematical problems efficiently that are be-
lieved to be intractable with a classical com-
puter, namely the problem of factorizing 
large integers. 
A quantum computer would be a device very 
different from today's computer. Its 
“quantum bits” (qubits) have to be entities of 
microscopic size, single atoms or ions, or 
single electrons being held in some semicon-
ductor structure. How to interact with such 

minute entities in a highly controlled man-
ner, and how to shield them from unwanted 
influences, is currently being investigated by 
many research groups (including the groups 
of Professors Blatt, Zoller and Shnirman 
here in Innsbruck).  
Quantum information science: Once one has 
succeeded in building a register of qubits and 
is able to write information to them, perform 
computational operations and read out their 
state, how can one use them? What else, 
except computation, might they be useful 
for? How can one protect the stored in-
formation against uncontrolled influences of 
the surrounding, and how to counter and 
undo such deterioration due to noise? To 
study these questions we may consider the 
qubits as abstract entities, forming a finite 
Hilbert space, and disregard mostly their 
physical nature. Nevertheless, studying the 
mathematical properties of this construction 
teaches a lot about physics. Most import-
antly, it is the ideal playground to study en-
tanglement, i.e. the theory about correlations 
in nature. This project focuses on the re-
search in this setting.  
Numerics in quantum information science: 
As the very idea of a quantum computer is to 
access realms beyond the possibilities of or-
dinary computers it is obvious that we 
cannot simulate a quantum computer. We 
can, however, simulate certain aspects of it, 
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namely the effect of a subset of 
computational operations 
(“gates”) that is known as the 
Clifford group. Fortunately, 
many important protocols 
in quantum information 
processing only require 
these gates. They include, 
most importantly, schemes 
for quantum error 
correction, which are essen-
tial to allow a quantum 
computer to work despite the 
unavoidable presence of 
noise,  and for entanglement 
purification, which allow to 
refresh the entanglement between qubits 
after some of them have been transported 
over long distance (e.g., as photons through 
an optical fiber). While the effect of these 
protocols can be assessed analytically for 
simplified noise models, this gets difficult 
for more realistic models for the disturb-
ances of the system. Here, the efficient simu-
latability of Clifford gate networks allows 
for numerical studies in Monte-Carlo style. 
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We have devised a highly efficient algorithm 
for such simulation and implemented it in 
C++ (“GraphSim” [1]). It allowed us to 
study in detail when a novel kind of entan-
glement purification protocol found by our 
group can outperform other methods [2]. The 
figure shows a result of simulations per-
formed for this purpose. Each data point cor-
responds to one possible combination of the 
available strategies, the x axis shows the 
“quality” of the resulting purified quantum 

state and the y axis the resource required to 
obtain it. 
Another focus of our research is the question 
whether the new insights that quantum in-
formation science has brought about entan-
glement may help to improve on simulation 
methods for spin systems (an often-used ab-
straction useful to model solid state matter 
for certain questions). We proposed a new 
variational technique, based on so-called  
weighted graph states and explored its viab-
ility in many numerical experiments [3, 4]. 
Currently, we are working on an attempt to 
combine our method with another technique, 
the so-called tensor-tree states. 
For most of these computations, many runs 
are needed, either in order to get good 
Monte-Carlo statistics, or in order to explore 
a wide parameter range. This makes the use 
of a compute cluster necessary, and the Uni-
versity's facilities are hence of great use for 
our work. 
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Cluster states of 31 qubits -- channel noise: 0.1 -- local noise 0.01

local noise equivalent
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