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FURTHER INFORMATION:

I WILL TALK ABOUT:

(i)  How do different kinds of decoherence work?
(ii)  How is this connected with ‘complexity’

(iii)  How we get at this experimentally – let’s see some examples
(iv)  Is Quantum Mechanics the whole truth – and how do we find out?

DISENTANGLEMENT:  MECHANISMS &
TIME EVOLUTION of DECOHERENCE

mailto:stamp@physics.ubc.ca


SOME INTERESTING QUESTIONS to have ARISEN 
DURING the FQXi MEETING

- What questions are fundamental (Sean Carroll)?

- Can we use effective Hamiltonian/Lagrangian framework (PCES)?

- Interpretation of Quantum Mechanics (Wallace/Albert)?

- Validity of Quantum theory of Nature (this talk)?

- Confidence/Faith/Belief   vs.   Reliability/Accuracy (McDermott/Roediger
+ many others)

- Development of local complexity ‘contrary to Time’s Arrow(s)’ (many people here)

ALL OF THESE QUESTIONS WILL ENTER INTO THE DISCUSSION OF DECOHERENCE

- What about experiments (several people)?



Response (somewhat inadequate) 
to the “Theory of Everything” T-shirt 

A SEARCH not for BEAUTY, but for TRUTH



SYSTEM (Q)

ENVIRONMENT (x)

V(Q,x)Orthodox discussions of decoherence and relaxation 
use ‘system-environment’ models:

H = Ho (Q)  +  V(Q,x)  +  Henv (x)

where the environment = the rest of the universe. 

We ‘integrate out’ (ie., average over) environmental variables the statistical 
behaviour (reduced density matrix) of the system.
BUT:    How do we model a Quantum Environment (& coupling to it) ?

What are Mechanisms & Dynamics of Environmental Decoherence?

Ludwig             (1953-56)
Green                    (1956)
Daneri et al.          (1962)
Zeh (1970)
Simonius (1978)
Zurek (1981)

Ullersma (1956)
Feynman & Vernon     (1963)
Senitzky (1960 - 63)
Caldeira-Leggett  (1981 - 85)

OSCILLATOR BATH MODELSGENERAL DISCUSSIONS

SPIN BATH MODELS
Anderson & al.            (1975)
Prokof’ev-Stamp (1987-2000)

MODELLING DECOHERENCE
(1) ENVIRONMENTAL DECOHERENCE

(2) NON-ENVIRONMENTAL DECOHERENCE
(3) INTRINSIC DECOHERENCE } To be discussed later



ENVIRONMENTAL DECOHERENCE  100

E

Some quantum system

 

with coordinate Q interacts
with any other system (with coordinate x) ; typically 
they then form an entangled state     

Example: In a 2-slit expt., the particle coordinate Q couples to 
photon coordinates, so that:

Ψo

 

(Q) Πq

 

φq
in [a1 Ψ1(Q) Πq φq

(1) +     a2 Ψ2(Q) Πq φq
(2) ]

Now suppose we have no knowledge of, or control over, the photon states - we must then 
average over these states, consistent with the experimental constraints. In the extreme 
case this means we lose all information about the PHASES of the coefficients a1

 

&

 

a2
(and in particular the relative phase between them).

 

This process is called

 

DECOHERENCE

NB 1: In this interaction between the system and its “Environment”

 

E (which is in effect performing a 
measurement on the particle state), there is no requirement for energy to be exchanged between the 
system and the environment-

 

only a communication of phase information.

NB 2: Nor is it the case that the destruction of the phase interference between the 2 paths must be 
associated with a noise coming from the environment-

 

what matters is that the state of the 
environment be CHANGED according to the what is the state of the

 

system.

Ψ1

 

(Q)

Ψ2

 

(Q)



WHAT ARE THE LOW-
ENERGY EXCITATIONS in 
a CONDENSED SYSTEM ? 
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At right- artist’s view
of energy distribution 
at low T in a solid- at 
low T most energy is in 
localised states.



CURRENT MODELS of ENVIRONMENTAL DECOHERENCE

Bath:

Int:

Bath:

Interaction:

Phonons, photons, magnons, spinons,
Holons, Electron-hole pairs, gravitons,.. 

DELOCALIZED 
BATH MODES

Defects, dislocation modes, vibrons, 
Localized electrons, spin impurities, 
nuclear spins, …

LOCALIZED 
BATH MODES

SPIN BATH
OSCILLATOR 
BATH

‘Oscillators’

Very SMALL ( ~ O(1/N1/2)
NOT SMALL !



The only dissipation in the problem comes from the 
departures from the sudden approximation, & from the 
weak bath noise term – both very small. 

EXAMPLE: CENTRAL SPIN DYNAMICS

For a qubit write:

where

Precessional decoherence rates are

The lineshape is not conventional at all; see RIGHT:

A beautiful test case for 
decoherence theory –

which predicts Qubit dynamics is dominated by ‘precessional
decoherence’ from the spin bath. This precessional
decoherence has NO DISSIPATION – it is invisible in 
energy relaxation, but causes very strong decoherence.

Precessional
path for bath spin

Path of field on 
bath spin from 
Qubit – it jumps 
quickly between 2 
orientations

High field

Low field

NV Prokof’ev, PCE Stamp, Rep Prog Phys 63, 669 (2000)

LONG-TIME TAILS
(Non-monotonic 

in time)



Already in 1932 von Neumann noted we could write a “von Neumann chain”

and that the predictions of one of these higher wave-functions would be indistinguishable 
from the “collapsed” density matrix if we could not find an operator with off-diagonal 
matrix elements between these states (which becomes more difficult as the states 
become more complex, and refer to ever larger systems, such as measuring systems). 
Thus, he argued, one could introduce a ‘cut’ between quantum and classical behaviour.

HOWEVER…. 
(1) The cut is a ‘FAPP” one  (JS Bell)

(2) It can be moved (along with the time at which the measurement is supposed to 
occur), with experimental ingenuity. Since 1932 it has been moved a long way –
we now have experiments on MQC in superconductors, and similarly in magnets.
Experiments are underway to prepare superpositions with masses in different 
positions, leading to measurable superpositions of different spacetime metrics.

(3) One can ‘reverse’ decoherence, and thus reverse quantum meaurements, up to a 
point (which is also ‘moving with time’). The first experiments to do this were 
‘multiple quantum coherence’ experiments with nuclear spins, but now are being 
done with much larger systems

ALL THIS MEANS THAT IT IS NOT LEGITIMATE TO TALK ABOUT THE ‘TIME AT WHICH 
A MEASUREMENT OCCURS’. LIKEWISE, IT MAKES NO SENSE TO INTRODUCE 
STATISTICAL EQUATIONS, LINDBLAD OPERATORS, etc., AT THE FUNDAMENTAL LEVEL 
IN DESCRIBING THE DYNAMICS OF MACROSCOPIC SYSTEMS (INCLUDING THE
UNIVERSE, OR PARTS OF IT). 

DECOHERENCE and QUANTUM MEASUREMENTS



MV Berry:   Ann NY Acad Sci 755, 303 (1995)

So much for the THEORY: 
now let’s look at the

REAL WORLD

We start with

ENVIRONMENTAL DECOHERENCE
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RW Simmonds et al., PRL 93, 077003 (2004)

I Chiorescu et al., Science 299, 1869 (2003)

The confirmation of the prediction (Leggett et al., 1984-87) of 
MQC in superconductors came in 2003

The first experiments by this group 
(C van der Wals et al., Science 290, 773 (2000)) 
found a decoherence rate 106 times greater than 
the Caldeira-Leggett (oscillator bath) predictions!

That this was caused by the spin bath was 
confirmed in 2004, by the UCSB group. Spin bath
is made up of TLS defects in system (notably 
in the junction). Delft success was attained 
by using very pure Al, and good junctions.

PROBLEM: how to give 
QUANTITATIVE PREDICTIONS?

EXPERIMENTAL TEST of DECOHERENCE THEORY:  EXAMPLE 1



Fe8 S = 10

Feynman Paths on the spin sphere forFeynman Paths on the spin sphere for
a biaxial potential. Application of a a biaxial potential. Application of a 

field pulls the paths towards the fieldfield pulls the paths towards the field

A Typical tunneling molecule: the Fe-8 MOLECULE
Low-T Quantum regime- effective Hamiltonian  
(T < 0.36 K):

Longitudinal bias:

Eigenstates: 

Which also defines orthonormal states:



DECOHERENCE IN Fe-8 SYSTEM

Hyperfine couplings of 
all 213 nuclear spins are 

well known 
(A) Nuclear Spin Bath

(b) Phonon Bath

Nuclear spin decoherence rate

where

Phonon spectrum and spin-phonon couplings 
are known. Phonon decoherence rate is:

Total SINGLE QUBIT decoherence rate
shown in Figure at right:

DESIDERATUM: a system where quantitative predictions could be 
made before any experiments were done.



The high-T (van Vleck) limiting form is

At low T one gets a quite different form

This is an example of  “correlated errors” caused by inter-qubit interactions. 
It turns out to be very serious.

(c) Dipolar Decoherence

Suppose we now add all three 
forms of decoherence together; 
then we get the PREDICTION
shown in Fig. at right:

A. Morello, P.C.E. Stamp, I.S. Tupitsyn, 
Phys Rev Lett 97, 207206  (2006)



EXPERIMENTAL VERIFICATION:  
EXAMPLE 2

nuclear 
(isotopically purified)

Advantage of using Fe-8: it can be made 
very pure, with few defects in a crystal.

To raise the ‘Q-factor’ of this system 
it is very useful to go to high fields.

Using ‘Hahn echo’ ESR experiments, get 
good agreement with theory; no evidence 
for extrinsic decoherence sources.
This is first ever agreement with theoretical 

predictions for a 
solid-state system. 

These experiments 
need to be pursued 
further.

(dipolar)

S. Takahashi + al., Nature 476, 76 (2011) 

WE GET STRIKING CONFIRMATION
of the PREDICTION of LARGE-SCALE 
COHERENCE ACROSS THE SAMPLE



EXAMPLE 3: COHERENCE/DECOHERENCE in BIOMOLECULES

LIGHT-HARVESTING 
MOLECULES

These molecules are a crucial
part of life on earth.  They have 
a characteristic structure, of 
chromophores typically 
organised in a ring-like structure. 

Energy is transported around 
in the form of excitons, themselves 
created by very low-intensity (but high energy) 
sunlight. The quantum yield is incredibly high – typically 
98% or greater.

The old traditional model 
of the dynamics of these 
excitons, and the subsequent 
transfer of energy to the 
central reaction centre, was 
in the tradition of classical 

biology – ie., diffusive
thermally activated hopping.
This is now known to be incorrect



+

The energies of 
The different 
exciton sites are 
not all the same. 
This is necessary, 
to effect the 
energy transfer 
to the reaction 
centre, after 
formation of the 
initial superposition 

There is a fine balance between 
coherence energies and decoherence
rates.

Decoherence caused by coupling to 
localized phonons (and possibly 
defects as well): ie., SPIN BATH

Energy pathways



E Collini et al., 
Nature 463, 644 (2010)

(2)

(1) GS Engel et al
Nature 446, 782 (2007)

H Lee et al
Science 316, 1462 (2007)

COHERENCE EXPERIMENTS on LH-MOLECULES

2d spectroscopy
Shows that 
assemblies of 
chromophores
are excited 
coherently



DECOHERENCE & the GENERATION of COMPLEXITY

Now consider a much more 
complicated problem –
the quantum diffusion of 
a particle on an N-dimensional 
hypercube  (see right for N=3):

We will study a problem of 
central interest for quantum information processing.

Consider a set of ‘quantum Ising’ spins, interacting via long-range dipolar interactions 
(which cause very dangerous ‘correlated errors’); and with a decohering environment:

Hamiltonian:

Dipolar term:

In 3d, this has a T=0 quantum phase transition when
This corresponds to a localization/delocalization transition for the particle on the 
hypercube.

Now – what happens in 2 dimensions?

NV Prokof’ev, PCE Stamp, Phys Rev A74, 020102 (2006)
AP Hines, PCE Stamp, Phys Rev A75, 062321 (2007)



At t=0, start with an 
unpolarized array of 
spins (qubits) with 
random orientations 
(half up, half down).  

In what follows we 
show which spins 
have flipped after 
a time t

Thus, at t=0, no 
spins have yet 
flipped



The spins flip in 
pairs. At t=1, 4 pairs 
of spins have 
flipped (8 flipped 
spins)



At t=10, 10 pairs of 
spins have flipped.
(20 flipped spins) 
Note that a few of 
these are ‘outliers’, 
far from the others. 



At t=100, 42 spins 
have flipped. Although 
it is hard to see, a 
complex pattern is 
building up, both in 
real space and in 
energy space.



At t=1000, we now 
have 62 flipped spins.



At t=10,000, there 
are now 132 
flipped spins



At t=100,000, we 
have 320 flipped 
spins. A spatial 
pattern is somewhat 
discernable.  



It is interesting that 
the growth of regions 
of flipped spins is 
in fits and starts –
this is a sign of what 
physicists call 
‘anomalous diffusion’, 
characterized by Levy 
flights. Biologists more 
recently have dubbed 
this ‘punctuated 
equilibrium’.

CONCLUSIONS:

(1) No localization
(2) Pattern formation in 

energy space (and it 
turns out, in real 
space)



Ex:  Buckyball decoherence
Consider the 2-slit expt

 

with buckyballs. The COM  
coordinate Q  of the buckyball

 

does not couple directly to 
the vibrational

 

modes  {qk

 

} of the buckyball

 

-

 

by definition. 
However  BOTH  couple to the slits in the system, in a 

distinguishable way.  

Note: the state of the 2 slits, described by a coordinate 
X, is irrelevant-

 

it does not need to change at all.  We can 
think of it as a scattering potential, caused by a system with 
infinite mass. It is a PASSIVE 3rd

 

party. We can also have ACTIVE
3rd

 

parties

3rd PARTY DECOHERENCE: 

This is decoherence

 

in the dynamics of a system A 
(with coordinate Q) caused by indirect

 

entanglement with 
an environment E-

 

the entanglement is achieved via a 3rd

party B (coordinate X).  

PCE Stamp, Stud. Hist Phil Mod Phys 37, 467 (2006)

See also PCE Stamp, WG Unruh, to be published



2-SLIT EXPERIMENTS 
with BIG MOLECULES

C70

C60 F48C44 H30 N4

A very nice system for checking out 
3rd-party decoherence is in Vienna; in 
some cases these molecules have well 
understood vibrational & rotational modes

It is more useful to use the 
Talbot-Lau set-up shown. The 

environmental decoherence comes 
from gas atoms and photons.

Interference fringes for 2 molecules 
compared with QM predictions

Reduction in fringe amplitude 
caused by gas atoms

So far only the 
decoherence from 
gas atoms has been 
checked out in such
experiments.

Stay tuned!
B Brezger et al., PRL 88, 

100404 (2002)
K Hornberger et al, PRL 90, 

160401 (2003)



W. Marshall, C.  Simon, R. Penrose, 
D. Bouwmeester:   PRL 91, 130401 (2003).

This has nothing to do with environments at all –

 

IT AMOUNTS TO A 
BREAKDOWN OF QUANTUM MECHANICS. 2 examples are

(i) decoherence

 

arising from spacetime

 

distortion (gravitational decoherence) 
(ii) decoherence

 

suggested by the holographic principle, arising in all objects (‘t Hooft).

L Diosi, Phys Rev A40, 1165 (1989)
R Penrose, “Shadows of the Mind” (OUP, 1994)

Gravitational interaction energy:

Uncertainty:

Typically these ideas involve non-linear interactions
between paths for the same system

1

2

INTRINSIC DECOHERENCE



BOUWMEESTER EXPERIMENT: DETAILS

If we ignore environmental decoherence
in this experiment, we have a system in 
which we have a photon in a 
superposition of cavity A and cavity B
states, with an entanglement to a 
cantilever vibrational mode C, via the 
small mirror M on C. The Hamiltonian is 
taken to be  

where

The if at t = 0 we are in the state

the system evolves to time t to the state:

C

C

with off-diagonal matrix element

Still trying to deal with environmental decoherence.



CAUTION: PROBLEMS with EFFECTIVE HAMILTONIAN APPROACH

( )†

,
. .i j i i

i j i
H t c c h c U n nσ σ ↑ ↓= − + +∑ ∑

Suppose we try to find a low energy 
Hamiltonian, valid near the Fermi energy- 
when the system is near “half-filling”. We 
therefore assume a UV Cutoff  much 
than the splitting U between the Mott- 
Hubbard sub-bands (we assume that U > 
CAN’T BE DONE: spectral weight 
transfer always brings in high E states 
upper band

Consider Hubbard Hamiltonian:

Same thing in many varieties of string theory, 
and in calculations of decoherence rates; 
and, of course, in quantum gravity

Thus we have a real problem with the effective 
Hamiltonian framework & its implementation in, eg., 
an RG framework

This difficulty with the Renormalization framework is NOT
the same as the formal question of renormalizability



Many at this conference have some to the conclusion that there may be an antithesis 
between confidence/belief/faith and Accuracy/reliability. 

CONFIDENCE IN THEORY

CONCLUSIONS

Indeed one can argue that dogmatic Faith in speculation (but not the speculation itself) 
is a “blasphemy against Nature”. Clearly a divergence of opinion here - up for discussion!

Not clear that the foundations are intact here, even if you believe Quantum Mechanics.

THEORY vs EXPERIMENT
Decoherence Theory is finally becoming reliable – no longer “BLaBla theory”. 

- The key is to identify realistic models and mechanisms. 

Non-trivial experimental tests indicate some very exciting prospects.
- Looks like we can control decoherence quantum inforation processing
- Looks like living systems may use decoherence & coherence, even at room T
- Decoherence is very different from dissipation – but may often be involved in 

development of ordered structures

DIFFERENT KINDS of DECOHERENCE

- Environmental decoherence
- Also, 3rd party & switching decoherence in conventional QM
- Can envisage ‘Intrinsic Decoherence’ which is a breakdown of QM.  

(Experimental tests on their way)



THANK YOU TO:

IS Tupitsyn (UBC)
Z Zhu             (UBC)

A Aharony (Beersheva)
O Entin-Wohlman (Beersheva)
A Kitaev (Caltech)
NV Prokof’ev (UMass)
L Thompson           (MIT)
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