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Scale-free, or fractal, models are prevalent in the study of chromosome structure, dynamics, and
mechanics. Recent experiments suggest the existence of scaling relationships; but currently there is
no single model consistent with all observed exponents. We present a simple argument characterizing
the space of scale-free models for chromosome structure, dynamics, and mechanics and discuss the
implications for a consistent treatment. Our framework helps reconciling seemingly contradictory
data and identifies specific experimental questions to be addressed in future work.

The nucleus of a eukaryotic cell contains its genetic
information in the form of chromatin—a composite poly-
mer of DNA and associated proteins. The physical nature
of this polymer, and specifically the local chromosomal
context of a given locus, play crucial roles in determin-
ing how the information encoded on the DNA is pro-
cessed [1]. So-called enhancer elements for example are
thought to activate their target genes by “looping in”
and physically contacting the target promoter to initiate
transcription [2–4]. How this interaction is regulated be-
tween elements that can be separated by millions of base
pairs remains an open question [5–7]; in fact, the struc-
ture and dynamics of even the “bare” chromatin poly-
mer itself—without additional elements like enhancers
and promoters—remain topics of active research [8–10].

Our understanding of the 3D structure of chromosomes
has increased dramatically over the last decade, primarily
due to experimental techniques like Hi-C [11, 12] (mea-
suring pairwise contacts across the genome) and multi-
plexed FISH methods [13, 14] (visualizing chromosome
conformations in 3D space). Both techniques show that
the chromatin fiber adopts a space-filling conformation:
two loci at a genomic separation s are on average sepa-
rated in space by a distance R(s) ∼ s

1
3 [8], correspond-

ing to a confining volume V (s) ∼ R3(s) ∼ s [15]—thus
the term “space-filling”. The probability P (s) of find-
ing these two loci in contact is then given by the mean
field approximation P (s) ∼ 1/V (s) [16]; P (s) ∼ s−1 was
broadly observed in Hi-C experiments across vertebrate
chromosome systems [11, 12]. Notably, this space-filling
spatial organization is more compact than one would
expect for an ideal chain in equilibrium, which should
adopt a random walk conformation with R(s) ∼ s

1
2 , cor-

responding to V (s) ∼ s
3
2 and P (s) ∼ s−

3
2 [17].

The study of chromosome dynamics has not seen a
breakthrough comparable to Hi-C yet and is therefore
more heterogeneous. One main mode of investigation is
fluorescent labelling and tracking of individual genomic
loci in live cells, allowing for characterization of the par-

ticles’ motion by the Mean Squared Displacement (MSD)

MSD(∆t) :=
〈
(x(t+∆t)− x(t))

2
〉
∼ (∆t)

µ
.

While a freely diffusive particle would exhibit a linear
MSD curve (µ = 1), a chromosomal locus (i.e. point on a
long polymer) is expected to move subdiffusively (µ < 1)
due to the chain connectivity. Indeed, experiments show
µ ≈ 0.5−0.6 in eukaryotic cells [18, 19]. Notably—and in
contrast to the spatial structure—this is consistent with
an ideal chain (R(s) ∼ s

1
2 , P (s) ∼ s−

3
2 ), for which the

Rouse polymer model predicts µ = 1
2 [20, 21].

Taking an orthogonal angle on the question of chro-
matin dynamics, the present authors, together with oth-
ers, recently developed an experimental system to mea-
sure the force response of a single genomic locus [22]. In
response to a constant force switched on at t = 0 the lo-
cus displaced as x(t; f) ∼ t0.5, consistent with the same
(Rouse) model for polymer dynamics that predicted the
MSD scaling µ = 0.5—but which is inconsistent with the
structure R(s) ∼ s

1
3 of real chromatin.

A model consistent with the space-filling structure of
real chromatin is the fractal globule, which describes
crumpling of the chain due to topological constraints [23].
This, however, predicts an MSD scaling of µ = 2

5 [24],
markedly lower than the µ ≈ 0.5−0.6 observed in exper-
iments. Within the context of commonly used polymer
models for chromatin, we are thus left with two mutually
contradictory observations: a fractal globule would re-
produce the compact structure, but with slower dynam-
ics [25]; the fast dynamics are consistent with the Rouse
model, but that assumes an unrealistically open, equilib-
rium conformation. Does this point to some fundamental
inconsistency in structural vs. dynamical observations, or
is it simply that both models are wrong? If so, how can
we reconcile all observations?
Chromosome structure and organization spans mul-

tiple orders of magnitude: from single nucleosomes
(∼11 nm) to whole nuclei (∼2–20 µm). As such, scale-
free models—such as Rouse or fractal globule—constitute
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useful null models for the description of chromosomes.
Indeed, all the observables mentioned above—contact
probability P (s), spatial separation R(s), MSD(∆t),
force response x(t; f)—are expected to exhibit scaling
behavior (read: are powerlaws), exactly because of this
scale-free nature of the null model. The point we aim
to highlight with this letter is that within the context
of scale-free models, not only are these observables gov-
erned by powerlaws, but their exponents also have to sat-
isfy hyperscaling relations that are a direct consequence
of the scale-free assumption. These relations enable an
informed discussion of the mismatch between structure,
dynamics, and mechanics highlighted above; awareness
of these relations is lacking in the literature [26].

Let us assume we have a scale-free model for chro-
matin structure, dynamics, and mechanics. Such a model
should predict the behavior of the observables outlined
in the introduction and because of the absence of finite
length scales we expect to find powerlaws. Explicitly, we
assume the forms

R(s) = Gsν (1)

for the spatial distance between two loci at a genomic
separation s;

MSD(∆t) = Γ (∆t)
µ

(2)

for the MSD of a single genomic locus; and

x(t; f) = Afψtρ (3)

for displacement in response to a constant force f
switched on at time t = 0 (red, teal, and orange in fig. 1).
Note how the equations concerning dynamics and force
response consider only a single locus, while the struc-
tural scaling refers to a finite stretch of chromatin. To
bridge this gap and connect structure and dynamics, we
consider the whole-coil diffusion of a finite and isolated
stretch of chromatin. Over timescales longer than the in-
ternal relaxation time, we expect this coil to diffuse like
a free particle, quantified by an MSD of the form

MSDcoil(∆t; s) = Ds−δ (∆t)
α

(4)

(blue in fig. 1). Since we expect a free coil to undergo nor-
mal diffusion, α = 1 seems like the most natural choice;
however, allowing α < 1 incorporates the possibility of a
viscoelastic solvent, such that even a free tracer particle
would undergo subdiffusion—which has been observed
for the nucleoplasm, though estimates for α vary broadly
(α ≈ 0.5−1) [27–29]. The exponent δ can be understood
as incorporating long-range spatial interactions of differ-
ent loci on the polymer. For a freely draining chain (such
as the Rouse model), monomers are independent from
each other; whole-coil diffusivity is thus simply inversely
proportional to chain length, yielding δ = 1. The Zimm
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FIG. 1. Summary of the exponents considered in the text and
what part of the system they relate to. Left to right: α con-
trols the viscoelasticity of the solvent, i.e. the MSD of a free
tracer particle. Considering an isolated polymer coil as such
a tracer particle, δ governs the dependence of its (anomalous)
diffusivity on the chain length; ν gives the scaling of the phys-
ical radius of the coil. The motion of individual loci within
the coil is characterized by µ. Upon application of an external
force, such loci exhibit a powerlaw response with exponent ρ;
the (fractional) velocity of this response is force dependent, as
indicated by ψ. Colors indicate which constitutive relation an
exponent is associated with: red for eq. (1), teal for eq. (2),
orange for eq. (3), and blue for eq. (4).
*: “anomalous diffusivity” if α ̸= 1

“fractional velocity” if ρ ̸= 1.

model [21], in contrast, incorporates hydrodynamic in-
teractions between the loci, which results in a hydrody-
namic radius Rhydro ∼ R(s). MSDcoil ∼ R−1

hydro then
implies δ = ν.
The observables described by eqs. (1) to (4) all have

units of length. But we assume that the underlying model
itself does not have any finite length scale; this assump-
tion would be inconsistent, if we could construct such a
finite length scale from the constants in the model, i.e.
from the prefactors in eqs. (1) to (4) and the thermal
energy kBT . Their respective dimensions are

[kBT ] = LF , [G] = LS−ν , [Γ] = L2T−µ ,

[A] = LF−ψT−ρ , [D] = L2SδT−α ,

where we use the symbols L, F , S, T to denote length,
force, genomic distance, and time, respectively.
A quantity

X := (kBT )
a
GbΓcAdDe (5)

now has units

[X] = La+b+2c+d+2eF a−ψdS−νb+δeT−µc−ρd−αe ;

setting [X] = L—attempting to construct a length
scale—gives a system of four equations for the five vari-
ables a, b, c, d, e. Elementary substitutions reduce this
system to one equation for two variables,(

1 +
2ν

δ
− 2αν

δµ

)
b+

(
1 + ψ − 2ρ

µ

)
d = 1 , (6)
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Organism µ ν Ref. Notes
H. sapiens
HCT-116 - 0.3-0.4a [35] ∆Rad21

- 0.3-0.4b [14]
HeLa 0.5 - [34] Telomeric probes
U2OS 0.55 - [34] Telomeric probes
MF 0.7 - [34] Telomeric probes

M. musculus
mESC 0.5c - [18] WT and ∆RAD21

0.6c - [19] WT and ∆RAD21
- 0.33-0.4a [36] ∆RAD21
- 0.15-0.4b [8]

hepatocytes - 0.4a [37] ∆NIPBL
3T3 0.4 - [34] Telomeric probes

D. melanogaster 0.58c 0.31c [26] µ and ν determined
in same system

S. cerevisiae - 0.5a [38]
0.5 - [39]

E. coli 0.4 - [40]
Caulobacter 0.4 - [40]

a from Hi-C contact probability P (s) ∼ s−3ν [16]
b direct measurement from multiplexed FISH
c two-locus live-cell measurement

TABLE I. Measured scalings for MSD(∆t) ∼ (∆t)µ and
R(s) ∼ sν . Chromosome structure is frequently not strictly
fractal due to loop extrusion; therefore we here focus on ex-
periments where loop extruding factors (Rad21, a component
of the cohesin complex) or their loaders (Nipbl) were acutely
degraded, where possible. This overview is not exhaustive.

which has a one-parameter family of solutions (b, d)—
unless both terms in brackets vanish. The scale-free
assumption is thus only self-consistent if the exponents
obey the two constraints

2να

2ν + δ
= µ =

2ρ

1 + ψ
. (7)

These two constraints ensure that both brackets in eq. (6)
vanish, thus preventing the emergence of a finite length
scale [X] = L. The first relation has been reported pre-
viously, in the special cases α = 1, δ = 1 [24, 30]; ν = 1

2 ,
δ = 1 [31]; and δ = 1 [32]. The second relation connect-
ing dynamics and force-response is satisfied explicitly by
the Rouse model [22, 33], but has not been studied in
generality.

Consider the force response experiments of [22], where
we determined ρ ≈ 0.5, ψ ≈ 1, and µ ≈ 0.5, fully consis-
tent with eq. (7). Notably, just the linear force response
(ψ = 1) suffices to predict ρ = µ; our measurement of the
force response exponent ρ ≈ 0.5 can thus be interpreted
as an independent validation of earlier experiments find-
ing µ ≈ 0.5 [34].
The first relation in eq. (7) connects the structural and

dynamical scalings ν and µ, both of which have been in-
vestigated in various experimental systems (see table I).
While specifically yeast seems consistent with the Rouse
expectations µ = 0.5, ν = 0.5, and α = 1 [41], multi-

0.1 0.2 0.3 0.4 0.5 0.6
structural exponent ν

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M
S

D
 e

x
p

o
n

e
n

t 
μ

α = 0.75
α = 0.80
α = 0.85
α = 0.90
α = 0.95
α = 1.00

Zimm, δ = ν

freely draining

       
 δ = 1

ν = 1/3, μ = 1/2

Brückner, Chen,
et al., 2023 [26]

dynamics from SPT

structural estimates
from Hi-C, FISH

fractal globule

Rouse

FIG. 2. Experimental results in the context of eq. (7).
Shaded regions are consistent with experimental determina-
tions of structure ν (orange; directly from chromosome trac-
ing or inferred from Hi-C, the latter densely shaded) or dy-
namics µ (green; from SPT; dense shade indicates eukaryotic
estimate µ ≈ 0.5 − 0.6, light shade extends to bacterial esti-
mate µ ≈ 0.4) respectively. Black error bars indicate estimate
from [26]. Red circle marks ν = 0.33, µ = 0.5, which serves
as example for discussion in the main text. Outlines show
theoretically plausible regions (eq. (7)) for different α, as in-
dicated. The top (red) edge of these regions is given by the
Zimm condition δ = ν, while the bottom (blue) edge is given
by the freely draining chain (δ = 1); the points inbetween
correspond to ν < δ < 1. Horizontal cutoffs (gray lines) are
chosen for visual appeal. Common polymer models: Rouse
chain and fractal globule are indicated as black circles; both
are instances of a freely draining chain with α = 1 (blue
curve).

cellular eukaryotes like fruit fly, mouse, or human, seem
to behave differently. For the purpose of this discussion,
let us consider the case µ = 0.5, ν = 0.33 (fig. 2); this
seems consistent with best estimates, but is of course an
idealization of the experimental situation. Importantly,
eq. (7) holds true for any value of these exponents. As
outlined in the introduction, µ = 0.5 matches our expec-
tations from the Rouse model, while ν = 0.33 indicates
a fractal globule; to the best of our knowledge, there is
currently no consistent model reproducing both. Refor-
mulating the first relation in eq. (7) as

δ = 2ν

(
α

µ
− 1

)
(8)

shows that we should expect a 1-parameter family of
models with different α and δ that exhibit the desired
scalings in µ and ν. We discuss a few of these options:

• In a freely draining chain (blue lines in fig. 2), indi-
vidual monomers are independent, such that δ = 1.
This assumption is made in the Rouse model and
in [24] for dynamics of the fractal globule. Equa-
tion (8) then becomes α = 5

4 > 1, i.e. we would
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need a medium in which free tracers undergo su-
perdiffusion. This appears unrealistic for the nu-
cleoplasm. While it might in principle be achieved
by energy dependent processes like transcription or
loop extrusion, we will not further pursue this point
here.

• Including hydrodynamic interactions between dif-
ferent monomers amounts to δ = ν, such that
µ = 2

3α independent of ν (red lines in fig. 2).
This would allow matching µ ≈ 0.5 by tuning
α ≈ 0.75. While this is within current estimates
for nucleoplasm viscosity, these estimates scatter
quite broadly (α ≈ 0.5 − 1), such that this consis-
tency statement is rather weak. Furthermore, due
to crowding we should expect hydrodynamic inter-
actions to be screened in the nucleus [42, 43], such
that δ = ν appears questionable in the first place.

• Between the two canonical values of δ = 1 (freely
draining chain) and δ = ν (hydrodynamic interac-
tions), it is conceivable that chromatin loci in the
nucleus do exhibit some (effective) long-range in-
teraction with ν < δ < 1. In a purely viscous
nucleoplasm (α = 1), eq. (8) would then imply
δ = 2ν = 2

3 , i.e. a whole-coil hydrodynamic ra-
dius scaling as Rhydro ∼ R2(s) (cf. discussion be-
low eq. (4)). While we are currently not aware of a
physical model producing this behavior, this is an
interesting possibility that certainly warrants fur-
ther investigation.

Experimentally, there are two avenues to further nar-
row down the above 1-parameter family to a single, scale-
free null model of chromatin in the nucleus: measuring
α or δ. Observation of free particle diffusion in the nu-
cleus has so far yielded conflicting results as to the vis-
coelastic properties of the nucleoplasm: while [28] report
α = 0.5−0.6, [44] measure α ≈ 0.75 in yeast; [29, 45] find
normal diffusion α = 1 on large scales (relative to multi-
meric GFP tracers), with intermediate behavior strongly
probe dependent; most recently, [41] reported α ≈ 0.9 in
yeast and α ≈ 0.86 in mammalian (hPNE) cells. Con-
sensus about nucleoplasm viscosity is thus outstanding.
Furthermore, the material whose viscoelasticity is probed
here is a solution containing chromatin, which presum-
ably contributes some (if not all) of the observed elas-
tic response; it is thus even unclear what these results
would imply for solvent viscoelasticity when modelling
chromatin explicitly. We thus suggest that measuring δ
(long-range interactions) instead of α (medium viscoelas-
ticity) provides an orthogonal avenue towards a consen-
sus model. Such measurements would require observing
the diffusion of free chromatin chains (e.g. nucleosome
arrays) of different length in the nucleus, which is feasi-
ble with current techniques. A major challenge in such
experiments would be to ensure that the probes still obey

the same structural scaling ν as the rest of the genome.
Early experimental work found δ ≈ 0.72 for naked DNA
in aqueous solution [46]; we are not aware of similar mea-
surements for chromatinized DNA inside the nucleus.
Our derivation of the exponent relations (7) strongly

relied on the absence of finite length scales; of course, no
real system is truly scale-free. So what would be implied
by experimental data contradicting eq. (7)? First of all,
it would simply mean that those data are not well ap-
proximated by a single, consistent, scale-free model. It
then stands to reason that a more detailed model is re-
quired, which will most likely not predict powerlaws for
the observables under study in the first place (in which
case there are of course also no exponent relations to be
satisfied). If any of the observables does indeed exhibit
manifestly powerlaw scaling (a claim that is generally
quite hard to justify rigorously [47]), the underlying rea-
son might be quite interesting and should be investigated
in detail. From a pragmatic point of view, eq. (7) might
thus be interpreted simply as a check on the appropri-
ateness of powerlaw fits to multiple observables.
To obtain the connection between unperturbed dynam-

ics and response to an external force, we included the
thermal energy kBT in the set of model constants, be-
cause we assume the unperturbed dynamics to be driven
by thermal fluctuations. This does not immediately im-
ply an assumption about thermal equilibrium: kBT in
our treatment does not necessarily have to correspond
to physical temperature, but should just be some energy
scale of the fluctuations. However, many active processes
act over a finite length scale, such that in presence of
active fluctuations, the scale-free assumption might be
questionable. In fact, assuming T = 37 ◦C (the physical
temperature in the incubation chamber), we found good
agreement between MSD and force response in our ear-
lier work [22], suggesting that chromosome fluctuations
are indeed largely driven by thermal noise.
We presented a streamlined version of the argument

leading to eq. (7), tailored towards the application to
polymer structure, dynamics, and mechanics; a more sys-
tematic approach to the dimensional analysis is given in
the Supplementary Material. Furthermore, the approach
through dimensional analysis is of course nothing but a
reformulation of the more classical approach based on the
consideration of a finite subchain, as given e.g. in [24] for
the freely draining chain; we provide that reformulation
as appendix.
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Appendix: Finite subchain. — The argument in the

main text is formulated in terms of dimensional analysis
to emphasize that it is a necessary conclusion of the scale-
free assumption. It is easily reformulated in a more phys-
ical language by considering a finite subchain of length
s.

Equation (1) gives the physical size of this subchain as

l = R(s) = Gsν .

This allows for two independent definitions of a time
scale: by setting MSD(∆t) = l2 we find

t =

(
G2

Γ

) 1
µ

s
2ν
µ ;

letting instead MSDcoil(∆t; s) = l2 yields

τ =

(
G2

D

) 1
α

s
2ν+δ
α .

Physically, both describe the relaxation time scale of the
coil and should thus be equal (up to a numerical prefac-
tor). This requires that the exponents on s be the same,
yielding the first relation in eq. (7).

Similarly, eqs. (2) and (3) and the thermal energy kBT
allow the construction of two orthogonal force scales as-
sociated with our subchain, both of which should exhibit
the same scaling behavior with s (or in this case l):

f ≡ kBT

l

!∼
(

l

Atρ

) 1
ψ

=

(
Γ
ρ
µ

A

) 1
ψ

l
1
ψ− 2ρ

ψµ .

Again equating the exponents (on l) yields the second
relation in eq. (7).

While the formulation in terms of a finite subchain
can aid physical intuition, the core argument remains
the same: if eq. (7) does not hold, a finite length scale
emerges. To see this, consider:

q(s) :=
τ(s)

t(s)
= G

2
α− 2

µD− 1
αΓ

1
µ s

2ν+δ
α − 2ν

µ .

Since q is a dimensionless ratio, if the scaling with s were
non-trivial, the combination of constants in front would
have units of S to some power, translating to a length

scale through eq. (1). Thus, within the framework of
scale-free models, any finite scale (length, force, or oth-
erwise) associated with the subchain s has to be unique.
This is ultimately what drives the scaling argument out-
lined here.
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