
precise enough to illuminate the flies’ individ-
ual antennae and, at the same time, the animals  
felt a real wind flow (Fig. 1). The set-up enabled 
the authors to modulate each stimulus in turn, 
to characterize the flies’ responses to wind 
and odour separately. The researchers even 
replayed odour-plume recordings backwards, 
so that the imaginary odours seemed to move 
‘upwind’. Excitingly, the authors found that flies 
could infer the direction of odour motion sep-
arately from that of the wind.

Several plume characteristics related to 
odour motion have been suggested to be 
useful in source localization. For instance, in 
wind tunnels, the distributions of the odour’s 
frequency and duration are correlated with 
both a position downwind from the source 
and crosswind from the plume’s centre line6,14. 
However, to estimate these facets of odour 
plumes, an animal would require an extensive 
memory of the past, because it would need to 
remember when it last encountered that odour. 
By contrast, Kadakia et al. demonstrated that 
the direction of odour motion can be modelled 
as a simple computation. Because odours are 
detected at different times by each antenna, the 
direction of odour movement can be inferred 
by an algorithm similar to that used in the visual 
system to sense the direction of movement.

Kadakia and colleagues then showed that the 
direction of odour motion contains valuable 
navigation information that complements that 
of the wind direction — on average, the vector 
of odour motion points away from the plume’s 
centre line and perpendicular to the wind direc-
tion. This information might allow an animal 
to determine whether they are likely to have 
exited the averaged extent of the plume or have 
simply left a local filament. Thus, the animal can 
stay within the confines of the average plume 
as it localizes the source. Future work could 
explore the implications of this odour direction 
cue for the learning of optimal source-localiza-
tion strategies15,16.

The analysis presented by Kadakia et al. is on 
the scale of centimetres — a scale relevant for 
odour plumes encountered by a walking fly. But 
in the wild, flying insects can track plumes for 
100 metres or more17,18. At these larger scales, 
chemical plumes typically consist of many 
discrete packets, each with its own complex 
movement patterns. It will be interesting to 
investigate what computations are required 
to integrate motion estimates of individual 
packets over time. The challenge will be to take 
into account the fly’s movements, which will be 
much greater in flight than on foot.

Odour-motion sensing is probably not 
unique to flies. There is evidence from 
animals such as silk moths19 and sharks20 that 
the difference in the timing of odour detec-
tion by left and right sensors (for example, a 
vertebrate’s nostrils or an insect’s antennae) 
is important for animals of diverse sizes and 
life histories. It will be fascinating to explore 

how odour motion varies in air and water, 
and how animals sense and take advantage of 
this information across spatial and temporal 
scales.
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system, quenched disorder might corre-
spond to stationary specks of dust that are 
randomly distributed across the substrate 
on which a bacterial colony sits. This type of 
disorder is different from ‘annealed’ disorder, 
which varies in time and is always present if 
the temperature is greater than absolute zero.

Given our understanding of equilibrium 
systems, it is reasonable to expect that both 
quenched and annealed disorder can strongly 
affect the ability of the active agents in a sys-
tem to maintain cooperative behaviour. For 
example, in the 1960s, physicists asserted that 
a 2D equilibrium system with broken symme-
try — such as a very thin magnetic film — cannot 
establish order across distances much greater 
than the separation between its constituent 
particles if annealed disorder is present in 
the system (that is, at any non-zero temper-
ature)5. Intriguingly, this result does not hold 
for active systems: long-range order is main-
tained in 2D active matter, even in the presence 
of annealed disorder. This is consistent with 
an early model of self-driven particles whose 
‘flocking’ tendency is reflected in the fact that 
their average velocity is non-zero3.

Quenched disorder has an even stronger 
effect on equilibrium systems than does 
annealed disorder — it destroys long-range 
order in 2D, 3D and 4D systems6. This raises the 
question: does quenched disorder also disrupt 
long-range ordering in active systems? One 
might suspect that, because annealed disorder 
is less disruptive in active systems than in equi-
librium systems, quenched disorder is as well. 
Chen and colleagues’ study confirms that this 
is indeed the case. 

Using statistical-physics techniques, and 
equations that are typically used to model 
swarming behaviour in 2D living systems, the 
authors measured long-range polar order, 
which describes the tendency for swarmers 
to align with other agents in terms of the aver-
age velocity of the swarm (Fig. 1). They found 

that this order persisted even in systems with 
quenched disorder. This is in stark contrast to 
the equilibrium case, which lacks long-range 
order even in 3D.

Previous work has demonstrated that long-
range order can be maintained in certain 
3D active systems even in the presence of 
quenched disorder7. Chen and colleagues’ cal-
culation shows that this is also true in 2D sys-
tems — these are more commonly encountered 
in experiments, such as those on bacterial 
colonies or tissue-forming cell sheets. There 
is a catch, however, in that these results apply 
only to systems in which the density of swarm-
ers is very high or (if the swarmers are sus-
pended in an incompressible fluid) uniform. 
This means that a ‘dry’ system with quenched 
disorder, such as a herd of wildebeest dodg-
ing trees, would establish long-range order 
only if the individuals are sufficiently tightly 
packed, almost to the point of being jammed 
together. Otherwise, Chen and co-workers’ 
theory suggests that such dry systems will not 
move collectively in the presence of quenched 
disorder.

The authors’ study complements an increas-
ing body of experimental and computational 
work on active matter with quenched disor-
der. Synthetic swarmers known as ‘Quincke 
rollers’ have been shown to ‘flock’ when 
placed in an incompressible fluid in the pres-
ence of randomly distributed obstacles, and 
this flocking persists up to a critical packing 
fraction of obstacles8. And simulations have 
demonstrated that the type of long-range 
order observed in 2D active systems varies 
markedly for different realizations of the same 
type of quenched disorder — an effect that is 
exacerbated with increasing system size9. This 
suggests that, in theory, pressure fluctuations 
should increase as the system size approaches 
infinity, which is in stark contrast to the way in 
which fluctuations in equilibrium systems get 
smaller as systems get larger. 

Chen and colleagues’ study, and those like it, 
will no doubt provide further insight into these 
peculiar observations made in experiments 
and simulations. In addition to proving the 
existence of the cooperative state uncovered 
in the authors’ work, one might well ask how 
stable it is10. Their theory already provides 
some insight into this question, but suggests 
that the answer might be a complex one 
because the critical exponents (parameters 
that tell us how a system behaves near a steady 
state) seem to offer conflicting information. 

One of the most intriguing outcomes of 
the study is the idea that obstacles could be 
designed that actually enhance cooperation 
— certainly a fruitful area for future study. The 
theory might also be used to quantify the onset 
of collective motion in cells or micro-robots 
that are moving on a rough substrate. Such 
information would provide engineers with 
a criterion for designing materials that 
use active agents to perform reliably on a 
macroscopic scale.
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Figure 1 | Order in disordered active matter. Chen et al.1 used a model for 
swarming behaviour in 2D living systems to investigate how active agents, 
such as wildebeest, cooperate in the presence of fixed obstacles, such as trees. 
Physicists describe such a system as having ‘quenched’ disorder. a, Active 
agents can align their motion when travelling at low density through a space 

without obstacles. b, Quenched disorder disrupts this alignment, setting the 
average velocity of the group to zero. c, Order can be restored in the presence of 
quenched disorder if the agents are packed with sufficiently high density. The 
authors’ model suggests that this order should exist in active systems moving in 
two dimensions, including bacterial colonies and sheets of cells in a tissue. 
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