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Quantum criticality is the basic characteristic of the Universe predicted by topological
geometrodynamics (TGD). Quantum criticality indeed guarantees, not only the exis-
tence of macroscopic quantum systems, but also the possibility of quantum control.
What is encouraging is that quantum criticality can be correlated with 1/f noise, a
phenomenon which has remained poorly understood in the conceptual framework of
the standard physics. Since quantum criticality is due to the critical value of a fun-
damental physical constant, the basic objection against the notion of self-organized
criticality stating that critical systems are unstable, is circumvented. It is also shown
that 1/f spectrum can be derived from thermal arithmetic quantum field theory and
that small deviations from 1/f spectrum reflect directly the spectrum of primes. Also
T(opological)G(eometro)D(ynamics) inspired mechanisms of 1/f noise and connections
with TGD inspired theory of consciousness are discussed.
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1. Introduction

The so called 1/f noise deserves the often used attribute ubiqitous: it appears
in widely different systems such as radioactive decay, chemical systems, biology,
fluid dynamics, astronomy, electronic devices, optical systems, network traffic and
economics (references can be found in [1]). An excellent article about 1/f noise in
music by Martin Gardner in Scientific American [2] gives a good grasp on the basic
concepts. 1/f noise is less random than white noise with 1/f0 power spectrum
and completely random correlation function and more random that Brownian noise
having 1/f2 power spectrum (defined as the Fourier transform of the autocorrelation
function 〈A(t)A(t+T )〉). In practice, the phrase 1/f noise is attributed also to power
spectrum of form 1/fα, α ' 1.

There is no generally accepted explanation for 1/f noise. Power law with a
negative value of exponent suggests that a system producing 1/f type noise is



scaling invariant and has long range time and spatial correlations as a consequence.
This suggests that fractal like structure is in question and Mandelbrot has indeed
proposed that fractality is the basic underlying mechanism of 1/f noise. If this is the
case, one however encounters the problem of identifying the underlying mechanism
of fractality.

Critical systems are scaling invariant in the sense that regions of arbitrary large
size of two phases can be present in the system. Critical systems are also known to
exhibit fractal like structures. This suggests that criticality is the basic underlying
cause of both fractals and 1/fn type noise. The problem is however that critical
systems are extremely unstable: arbitrarily small perturbation can change the value
of the critical parameter (such as temperature) so that criticality is lost. This is
certainly not in accordance with the universality of 1/f noise and of fractals.

The paradigm of self-organized criticality [3] is based on the hypothesis that the
dynamical systems have a tendency to develop asymptotically to critical states. It
is however not at all clear whether these models can be derived from basic physics.
It has been also argued [4] that the criticality is somehow built into the structure
of these models so that there actually exists a critical parameter and the dynamics
is constructed in such a manner as to preserve the value of the critical parameter.

Topological Geometrodynamics (TGD) [5,6] suggests quite different explanation
of 1/f noise. The entire Universe predicted by TGD is quantum critical system in
the sense that the vacuum functional of the theory is completely analogous to the
partition function of a thermal system. The so called Kähler coupling strength
αK is analogous to temperature and the requirement that it corresponds to critical
temperature fixes the theory uniquely. Since the critical parameter is fundamen-
tal constant of Nature, it is clearly not possible to generate perturbations leading
away from criticality without Godly intervention and the basic argument against
criticality as an explanation of 1/f noise can be cirvumvented.

Like its thermodynamical counterpart, quantum criticality implies long range
quantum correlations. This in turn implies that macroscopic quantum systems
of arbitrarily large size are possible. This result is a cornerstone for the TGD
inspired theory of biosystems as macroscopic quantum systems: what remains is to
identify the mechanisms making biosystems macroscopic quantum systems. TGD
indeed predicts several, purely TGD based, mechanisms. Needless to emphasize, if
quantum criticality could provide a general mechanism explaining the universality
of the 1/f noice, one would have strong support not only for quantum criticality but
also for the possibility of macroscopic quantum systems. Therefore the hypothesis
deserves a serious study.

2. Some Relevant Aspects of TGD

There are three on-line books about TGD and its applications [5–7]. TGD forces
to introduce several radically new ideas and concepts: the notion of manysheeted
spacetime, the new view about relationship between subjective and geometric time,
the notion of quantum jump between quantum histories. One cannot avoid the ex-
tension of the theory to a theory of consciousness and the notion of self as subsystem
able to remain p-adically unentangled subsystem being able to perfom quantum
jumps having interpretation as quantum measurements for some subsystem of self,



mathematisizes the notion of conscious observer. The theory of self-organization
reduces to the notion of self: selves self-organize by quantum jumps between quan-
tum histories and dissipation and Darwinian selection can be regarded as direct
signatures of this process. For a summary of TGD, p-adic aspects of TGD and
TGD inspired theory of consciousness see my online books ”Topological Geometro-
Dynamics” [5], ”TGD and p-Adic Numbers” [6] and ”TGD Inspired Theory of
Consciousness with Applications to Biosystems” [7].

In the following only some aspects of TGD relevant to quantum criticality are
discussed.

2.1. Generalization of the spacetime concept

TGD forces quite radical generalization of the spacetime concept. The macroscopic
spacetime with matter is identified as a many-sheeted surface with hierarchical
structure. There are sheets glued on larger sheets glued on larger sheets..... Each
sheet has an outer boundary and finite size and material objects are identified as
spacetime sheets. Gluing is performed by so called topological sum operation con-
necting different spacetime sheets by very tiny wormhole contacts with size of order
CP2 radius R about 104 Planck lengths (10−30 meters). Wormhole contacts, whose
function is to feed gauge fluxes from smaller to larger spacetime sheet, naturally
reside near the boundaries of the smaller spacetime sheet.

Manysheeted spacetime leads to the geometrization of structures and matter in
terms of the macroscopic topology of the spacetime surface. Larger spacetime sheet
represents external world from the view point of the smaller spacetime sheet1 . For
instance, atomic spacetime sheet represents external world of an atomic nucleus,
molecular spacetime sheet the external world of an atom, ..., organ the external
world of a cell, etc.. Elementary particles correspond to the so called CP2 type
extremals, which have Euclidian metric signature and negative finite Kähler action.
Mathematically they have very much the same role in TGD as black holes are in
GRT. The new picture about spacetime means topological description of various
structures: matter is reduced to spacetime topology which is nontrivial in all length
scales and has a hierarchical structure.

2.2. TGD and p-adic numbers

TGD involves a quite far-reaching generalization of the spacetime concept and, apart
from the notion of quantum jump, reduces quantum theory to infinite-dimensional
geometry, which is highly unique from the mere requirement that it exists. Quantum
TGD requires the introduction of several new mathematical tools and concepts, in
particular p-adic numbers. p-Adic number fields Rp (one number field for each
prime p = 2, 3, 5, ...) are analogous to real numbers but differ from them in that p-
adic numbers are not well-ordered. p-Adic numbers play an absolutely essential role
in the formulation of quantum TGD and of TGD inspired theory of consciousness.
The mapping of the real geometric structures to their p-adic counterparts is a
basic feature of quantum TGD and plays also key role in TGD inspired theory
of consciousness. The emergence of p-adic numbers is related to the fact that
1For illustrations of the manysheeted spacetime concept see my homepage
http://www.physics.helsinki.fi/̃ matpitka .



TGD universe is quantum critical quantum spin glass. This has deep implications
concerning the understanding of the functioning of the living systems. One could
perhaps interpret p-adic topologies as possible topologies of perceived worlds. The
higher the value of p, the better the resolution of conscious experience is, so that p
serves as kind of intelligence quotient.

p-Adic length scale hypothesis states that the p-adic length scales Lp = l
√

p,
l ' 104 Planck lengths, p ' 2k, k prime or power of prime, are physically preferred.
p-Adic length scale hypothesis provides quantitative realization for the hierarchy of
spacetime sheets and is in key role in TGD inspired theory of consciousness.

3. Quantum Criticality of TGD

Quantum TGD suggests, not only a general vision about quantum criticality and
1/f noise, but also general mechanisms of 1/f noise relying on the notion of the
manysheeted spacetime.

3.1. Quantum criticality and p-adicity

As already explained, quantum criticality emerges in TGD from the requirement
that the theory is unique: as a consequence the value of the Kähler coupling
strength, which is analogous to critical temperature, is fixed. The situation is
actually somewhat more delicate. The considerations related to the value of grav-
itational constant lead to the hypothesis that configuration space of 3-surfaces de-
composes into regions characterized by p-adic prime p such that the critical value
of Kähler coupling strength depends on p and hence on p-adic length scale L(p) in
the manner characteristic for the length scale evolution of U(1) coupling strengh.

The requirement that gravitational constant is invariant under the coupling con-
stant evolution associated with p-adic prime p plus the requirement that electron
mass scale is predicted correctly by p-adic mass calculations (see Ch. ”p-Adic Par-
ticle Massivation: General Theory” of [6]), fix the evolution of the Kähler coupling
strength as a function of the p-adic length scale:

1
αK(p)

= 4
π

[
log(p) + log(K2)

]
, K = R√

G
' 1.367× 104 . (1)

Here R denotes CP2 ’radius’, G denotes gravitational constant and p is the p-
adic prime. Configuration space of 3-surfaces decomposes into sectors Dp obeying
effective p-adic topology Kähler coupling strength depends on the p-adic prime p
characterizing a given sector Dp of the configuration space according to the standard
logarithmic evolution of U(1) coupling constant. One can say that instead of single
critical value Kähler coupling allows infinite number of critical values labelled by
primes and each critical value corresponds to a particular effective p-adic topology.

3.2. How quantum criticality is realized?

Criticality and fractality in quantum TGD are closely related to the properties of
the Kähler function defining the Kähler geometry of the configuration space of all
possible 3-surfaces in H = M4

+ × CP2. Kähler function is defined as an absolute
minimum of so called Kähler action, which is nonlinear variant of Maxwell action
with the spacetime projection of CP2 Kähler form serving in the role of Maxwell



field. This field is not however primary dynamical variable since it is the dynamics
of the 4-surface which determines the dynamics of the induced Kähler form.

Criticality seems to be realized in several senses. Kähler action has the huge
vacuum degeneracy of Kähler action: any 4-surface whose CP2 projection belongs
to so called Lagrange submanifold (generically 2-dimensional) of CP2, is vacuum
extremal. It is not clear whether this criticality could give rise to spin glass analogy
irrespective of the value of the Kähler coupling strength.

At the critical values of Kähler coupling strength additional criticality emerges.
From the fact that Kähler electric/magnetic fields give a negative/positive contri-
bution to Kähler action it is clear that vacuum functional favours the formation
of Kähler magnetic/electric fields below/above the critical value. Therefore config-
urations containing Kähler magnetic fields, in particular so called cosmic strings,
should be favoured below criticality. CP2 type extremals (see Ch. ”p-Adic Par-
ticle Massivation: General Theory” of [6]) with negative and finite Kähler action
representing elementary particles and surfaces representable as deformations of vac-
uum extremals and containing Kähler electric fields should be more favoured above
criticality.

One possibility is that some kind of spontaneous Kähler magnetization occurs
below criticality and that in criticality spin glass type structure consisting of regions
containing Kähler magnetic fields is present whereas above criticality magnetization
is absent. An attractive working hypothesis, motivated by the experience with criti-
cal systems, is that at criticality the formation of join along boundaries condensates
with arbitrarily large sizes is possible (join along boundaries bond is tube like 3-
surface connecting the boundaries of two 3-surfaces): depending on whether the join
along boundaries bonds contain Kähler electric or magnetic gauge fluxes, single sta-
ble join along boundaries condensate would be formed above/below criticality. This
would mean that the topology of spacetime is dynamical at criticality. This indeed
would be necessary for the formation of macroscopic quantum systems of all pos-
sible sizes. Examples of join along boundaries bonds are color flux tubes between
quarks, strong bonds between nucleons inside atomic nuclei, chemical bonds, MAPs
between microtubules and gap junctions between cells.

3.3. Quantum criticality and 1/f noise

Kähler action allows huge number of vacuum extremals with finite size in both
spatial and temporal (!) degrees of freedom. These surfaces are not absolute minima
of the Kähler action but one can consider the possibility that by gluing vacuum
surfaces to nonvacuum surfaces the interaction with the nonvacuum surfaces makes
them almost-vacuum extremals and as a consequence one obtains absolute minimum
of Kähler action. Quantum criticality of the material system suggests that this weak
interaction could generate large fluctuations with long time and length scales.

A natural hypothesis is that 1/f noise results when vacuum extremals of finite
time duration are ’glued’ by topological sum contacts to the spacetime sheet repre-
senting the physical system. At the first temporal end some energy flows from the
physical system to the vacuum extremal and almost vacuum extremal results. At
the second temporal end of the almost vacuum extremal, this energy flows back to
the spacetime sheet of the physical system. This mechanism perturbs the physical



system and causes a fluctuation. Note also that quantum jumps between quantum
histories in a well defined sense replace macroscopic spacetime surface with a new
one and can give rise to new almost vacuum spacetime sheets or annihilate the ex-
isting ones. The drifting motion of these almost-vacuum spacetime sheets occurring
in quantum jump by quantum manner in the direction of the geometric future of
the future lightcone gives rise to the arrow of psychological time.

By quantum criticality even small energy flow can give rise to a large pertur-
bation of the physical system. Spin glass analogy which is closely related to the
vacuum degeneracy of the Kähler action, predicts that there indeed exist very many
almost degenerate maxima of Kähler function and small perturbations could induce
time development transforming the 3-surface to a new one. The transition would
be analogous to a rapid classical time development leading from one sheet of a cusp
catastrophe to another one.

If one requires scaling invariance in the strongest possible sense, the only viable
probability distribution for the durations of the almost vacuum spacetime sheets is
dP (T ) ∝ dT/T since any other desitribution law would necessarily contain some
dimensional parameter. By Uncertainty Principle the same distribution gives also
the distribution of energies: dP (E) ∝ dE/E. Obviously the proposed distribution
implies duality between energy and time variables and is especially natural from
the view point of quantum theory. Actually the spectrum is of the same form as
brehmstrahlung spectrum and one can consider the possibility that the spacetime
sheets of finite time duration could also represent many particle states formed by
real and virtual collinear photons and gravitons.

Quite generally, one can identify energy E as the frequency ω of the fluctuation
generated by the transfer of energy. Quantum criticality suggests that the energy
transferred to the nonvacuum spacetime sheet serves only as a seed of a fluctuation
whose average amplitude squared approaches constant at the limit E = ω → 0. The
nonvanishing of the constant in question follows from quantum criticality implying
the presence of fluctuations at arbitrarily long time scales. With these assumptions
one indeed obtains 1/f power distribution for the frequencies

S(f) ∝ df

f
. (2)

4. 1/f noise and Thermalized Arithmetic Quantum Field Theory

Following arguments demonstrate that 1/f noise follows automatically from either
p-adic or real thermodynamics applied to arithmetic quantum field theory with
energies quantized as multiples of log(p), p prime. There are small corrections to
1/f spectrum and these reflect directly the distribution of primes. Obviously this
serves as a high precision test for the proposed model of 1/f noise. The model
involves unavoidably new physics made possible by the concept of manysheeted
spacetime since the temperatures involved is extremely low: T ≤ 2πf0, where f0 is
infrared cutoff frequency of 1/f spectrum.



4.1. Could arithmetic quantum field theory with broken conformal sym-
metry describe critical systems?

Two-dimensional critical systems allow description in terms of conformal quantum
field theories [8]. On the other hand, quantum TGD relies crucially on the real-
ization of super conformal invariance made possible by the miraculous properties
of the boundary of the four-dimensional future lightcone (see Ch. ”Construction
of Configuration Space Kähler Geometry from Symmetry Principles” of [5]). This
background inspires the hypothesis that critical systems quite generally possess
some form of conformal invariance possibly broken to some sub-algebra. So called
’number theoretic’ conformal invariance is especially interesting in this respect (see
Ch. ”Number Theory and TGD” of [6]).

The generators of the full number-theoretic conformal symmetries are

Lq = qz d

dz
, (3)

where q is rational number. The commutators of the generators given by

[Lq1 , Lq2 ] = log(
q2

q1
)Lq1q2 (4)

respect multiplication of rationals.
Generators are eigenstates of L1 = d/dz under commutation. L1 is analogous

to energy (or momentum) since it generates translations. Energy eigenvalues are

E = E0log(q) = E0

∑
ki∈Z

kilog(pi) , (5)

where pi are primes and ki are integers which can be also negative. If physical
states correspond to integers for which energy is always positive, one has

E = E0

∑
ki≥0

kilog(pi) , (6)

which is the energy spectrum of arithmetic quantum field theory, which describes
the physics of infinite number of harmonic oscillators labelled by primes and having
fundamental frequencies fp = log(p)f0 (E0 = hf0). The positivity of the spectrum
suggests that the interpretation as energy rather than momentum is indeed more
appropriate.

The generators Lp and L1/p generate the entire algebra by repeated commu-
tations. What is remarkable, is that one obtains infinite hierarchy of symmetry
breakings by dropping any subset of generators labelled by some subset of primes.
An interesting hypothesis is that arithmetic quantum field theory with symme-
try broken in this manner describes some critical systems. Analogous hierarchy of
symmetry breakings is possible also for ordinary Super Virasoro algebra (see Ch.
”Number Theory and TGD” of [6]).

If one assumes p ' 2k, k prime, one obtains special kind of breaking of conformal
symmetry. In this case the scaled generators



L̂k ≡ Lp'2k

log(2)
(7)

have energies L̂1 ' k. The algebra commutators satisfy commutation relations

[Ln1 , Ln2 ] ' (n2 − n1)Ln1+n2 , (8)

so that one has in a good approximation the standard conformal algebra of the string
models and statistical models of the critical systems [8]. This observation suggests
a symmetry-based justification for p-adic length scale hypothesis besides the justi-
fication coming from the generalization of Bekenstein-Hawking law for black-hole
entropy to elementary particle context (see Ch. ”p-Adic Particle Massivation: Gen-
eral Theory” of [6]).

4.2. Thermodynamics for arithmetic quantum field theory

1/f spectrum follows in a straightforward manner by applying p-adic or ordinary
thermodynamics to arithmetic quantum field theory.

a) The spectrum of frequencies in a mode p is harmonic oscillator spectrum:

fn = nf0 × log(p) , (9)

where n is integer identifiable as number of arithmetic bosons. f0 serves as an
infrared cutoff for frequencies.

b) The average number of particles in the mode p is calculable form p-adic
thermodynamics. In p-adic thermodynamics Boltzmann weight exp(−βH), β =
1/T (the units are h̄ = c = k = 1 in the following), does not exist as such p-adically
and one must replace it by power of p which exists under certain constraints on the
energy spectrum satisfied in conformally invariant theory:

exp(−βH) → pβH . (10)

(Note the necessity to change the sign of the exponent in p-adic context.) The
identification of Hamiltonian as the restriction of the generator L1 to mode p implies
this automatically for the excitation in mode p since the energy eigenvalues are
En = n2πf0log(p). Inverse temperature β must be positive-integer valued from the
requirement that Boltzman weights exist p-adically:

β =
m

2πf0
, m = 1, 2, ... (11)

c) The partition function for mode p is nothing but standard harmonic oscillator
partition function

Z = 1 + pm + p2m + ... =
1

1− pm
. (12)

The average value of the particle number in mode p is given by

〈n〉 =
∑

n npnm

Z
=

pm

1− pm
. (13)



The real counterpart of the average particle number is obtained using the canonical
identification

∑
xnpn →

∑
n

xnp−n (14)

mapping p-adic observables to real ones and one obtains

〈n〉R =
p−m

1− p−m
. (15)

For large primes one obtains in excellent approximation 〈n〉R ' p−m.
d) This construction applies with minor modification also in real context. In

this case one has

〈n〉 =
∑

n
np−βn

Z
, Z =

∑
n p−βn , (16)

where one has β = f0/T . The resulting expression is the same as given by p-adic
thermodynamics except that β is has now continues spectrum of values:

〈n〉 =
p−β

1− p−β
. (17)

4.3. 1/f noise from thermal arithmetic quantum field theory

To deduce 1/f spectrum it is enough to calculate the average number of states N(f)
with frequency smaller than f using the approximate expresssion

π(x) ' 1
u , u = log(x) (18)

for the density of primes in the set of reals x [9]. Thus, in the approximation
〈n〉 = p−β, one has

N(f) =
∑

p
p−β

1−p−β '
∫

dx x−β

1−x−β × 1
u

=
∫ log(p)

log(2)
du× exp[(1−β)u]

1−exp(−βu) × 1
u .

(19)

From this one has

dN

df
=

exp
[
(1− β) f

f0

]
[
1− exp(−β f

f0
)
] × 1

f
. (20)

Approximate 1/f spectrum is obtained in the frequency range

1
β
� f

f0
� 1
|β − 1| . (21)

Clearly, β ≥ 1/2 is required meaning that temperature is below T = 2f0. For β = 1,
1/f spectrum becomes exact at sufficiently high frequencies and its normalization
is fixed completely. It is important to notice that for reasonable cutoff frequencies,



say of order f0 = 10 Hz, the value of the temperature must be extremely low: or
order T ∼ 10−10 Kelvin. Therefore new physics is necessarily involved.

T →∞ limit exist only in real context and gives

dN

df
=

f0exp( f
f0

)

βf2
. (22)

Long range temporal correlations clearly disappear at this limit.
It is interesting to look how the situation changes when the allowed primes satisfy

the constraint given by p-adic length scale hypothesis. The first observation is that
for suitable unit of frequency frequencies are in good approximation prime-valued
in this case, which is unique signature of the spectrum. The spectrum is given by

N(f) =
∑

p'2k
p−β

1−p−β '
∫

dx 2−xβ

1−2−xβ × 1
log(x) . (23)

dN

df
=

1
f0log( f

f0
)
× 2−β f

f0[
1− 2−β f

f0

] . (24)

Exponentially decaying spectrum is obtained for higher frequencies for finite values
of the temperature reflecting very strong long range temporal correlations. For high
temperatures the spectrum becomes

dN

df
' 1

log(2)β
× 1

log( f
f0

)f
, (25)

and differs from 1/f spectrum obtained in general case by different normalization
factor and by a logarithmic correction term. Thus the deviation of the normaliza-
tion factor from unity could be interpreted as signature of the breaking of conformal
symmetry implied by p-adic length scale hypothesis and the value of the temper-
ature can be determined from cutoff frequency and normalization factor of 1/f
spectrum. Note that in this case 1/f spectrum results for cutoff frequencies f0

much smaller than room temperature, which corresponds to frequency of order 1013

Hz.
To sum up, thermalized arithmetic QFT implies 1/f spectrum and the devi-

ations from the precise 1/f spectrum reflect the properties of the distribution of
primes since the dominating frequencies in the spectrum are essentially logarithms
of primes in general case and primes in case that p-adic length scale hypothesis is
assumed. In p-adic thermodynamics T = 2πf0/m are the only allowed tempera-
tures and T = 2πf0 corresponds to the highest possible p-adic temperature: note
that the calculation of the elementary particle masses using p-adic thermodynam-
ics assumes also T = 1 (see Ch. ”p-Adic Particle Massivation: General Theory”
of [6]). In its recent form TGD cannot predict the allowed values of f0. Certainly
transmutation of the fundamental p-adic length scale of order 104 Planck length is
involved making possible small-p p-adicity at macroscopic length and time scales
(see Ch. ”Quantum Control and Coordination in Biosystems” of [7]).



4.4. Connection with TGD inspired theory of conscious systems

For f0 or order say 10 Hz, the temperature associated with 1/f noise is extremely
low, something like 10−10 Kelvin. Standard physics does not certainly allow earthly
systems with so low temperatures. In TGD Universe situation is different because
the spacetime is manysheeted. In fact, TGD based theory of brain as a macroscopic
quantum system relies crucially on the existence of cellular spacetime sheets having
ultra-low temperatures and allowing the presence of various types of Bose-Einstein
condensates. Besides this almost vacuum spacetime sheets with finite time duration,
’cognitive spacetime sheets’ are in crucial role and provide geometric correlates
of mind. It his view is correct, 1/f noise could be seen as a direct signature of
consciousness. A natural TGD inspired interpretation for the arithmetic QFT could
be as a statistical description of the dynamics at the cognitive spacetime sheets
having by definition finite time duration τ = 1/f0. Cognitive spacetime sheets
are indeed suggested to give rise to 1/f noise which thus would become direct
signature of consciousness (see Ch. ”Quantum Theory of Self-Organization” of [7]).
Thus the standard formal trick of performing path integral over spacetime of finite
time duration to construct thermodynamical quantities [10] could have a deeper
’psycho-physical’ meaning in TGD framework.

To sum up, this picture suggest that 1/f fluctuations could be even regarded as
a physical signature for the presence life and cognitive consciousness: if this is true
then the universality of 1/f noise could mean that even cognitive consciousness is
everywhere.
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