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The density structure of the interstellar medium (ISM) determines where stars form and
release energy, momentum, and heavy elements, driving galaxy evolution.' Density variations
are seeded and amplified by gas motion, but the exact nature of this motion is unknown across
spatial scale and galactic environment.’ Although dense star-forming gas likely emerges from
a combination of instabilities,>’ convergent flows,® and turbulence,’ establishing the precise
origin is challenging because it requires quantifying gas motion over many orders of magnitude
in spatial scale. Here we measure'®'?> the motion of molecular gas in the Milky Way and in
nearby galaxy NGC 4321, assembling observations that span an unprecedented spatial dynamic
range (107'—10% pc). We detect ubiquitous velocity fluctuations across all spatial scales and
galactic environments. Statistical analysis of these fluctuations indicates how star-forming gas is
assembled. We discover oscillatory gas flows with wavelengths ranging from 0.3—400 pc. These
flows are coupled to regularly-spaced density enhancements that likely form via gravitational
instabilities.'>'* We also identify stochastic and scale-free velocity and density fluctuations,
consistent with the structure generated in turbulent flows.” Our results demonstrate that ISM
structure cannot be considered in isolation. Instead, its formation and evolution is controlled by
nested, interdependent flows of matter covering many orders of magnitude in spatial scale.

We use observations that trace molecular gas in a variety of galactic environments and span a wide
range of spatial scales. We measure the position-position-velocity (p-p-v) structure of the molecular
ISM from 0.1 pc scales, relevant for individual star-forming cores, up to the scales of individual giant
molecular clouds (GMCs), now accessible in nearby galaxies using facilities such as the Atacama
Large Millimeter/submillimeter Array (ALMA). On large (from 100 pc to >1000 pc) scales, we analyse
observations of nearby galaxy NGC 4321 from the Physics at High Angular resolution in Nearby
GalaxieS (PHANGS-ALMA) survey. At intermediate (from 1 pc to 100 pc) scales, we target both the
Galactic disc and the Central Molecular Zone (CMZ, i.e. the central 500 pc) of the Milky Way with
data from the Galactic Ring Survey'® and the Mopra CMZ survey,'® respectively. On small scales
(from 0.1 pc to around 10 pc) we include observations of two dense molecular clouds, G035.39-00.33!7
in the Galactic disc and G0.253+0.016'! in the CMZ.

We extract the kinematics of the gas using spectral decomposition, modelling each spectrum as a
set of individual Gaussian emission features.'®"'? Spectral decomposition is advantageous because it
yields a description of all prominent emission features observed in spectroscopic data. We visualise the
results using the peak intensities and velocity centroids of the modelled emission features (Figure 1).
This method facilitates the detection of small fluctuations in velocity, which can often be hidden by
techniques that either average in the spectral domain or integrate over one of the two spatial directions.
We discover striking similarity in the p-p-v structure of the molecular ISM in all of our selected
environments, despite our observations probing vastly different spatial scales. The p-p-v volumes
presented in Figure 1 (see also the Supplementary Videos) reveal the complex multi-scale dynamical
structure of the molecular ISM. The ‘wiggles’ evident in all data sets represent localised gas flows
superposed on larger scale ordered motion.

Measuring the dynamical coupling between ISM density enhancements and their local environment
is key to understanding the formation of hierarchically-structured star-forming gas.! The structure
of dense gas that is weakly dynamically coupled to the local environment should show little or no
correlation with observed gas flows. In contrast, density structures produced by on-going convergent
flows should be closely coupled to the gas flows.® ¥ In the specific case of instability-driven structure
formation, preferred characteristic scales may be present in both density® ! and velocity. Between the
scales of energy injection and dissipation, turbulence, by comparison, is characterised by scale-free
fluctuations in both density and velocity.’

We select a sub-region from each data set presented in Figure 1 to represent the hierarchy of the



ISM. We first select part of the southernmost dominant spiral arm in NGC 4321 and, in the CMZ, a
portion of the gas orbiting the centre of the Galaxy at a galactocentric radius of about 100 pc. We then
select two GMC:s, one in the Galactic disc and another in the CMZ. Finally, we select an individual
filament which is embedded within our selected GMC in the Galactic disc. Maps of all the regions can
be found in Extended Data Figure 2.

We use structure functions to measure the coupling between the observed gas flows and the physical
structure of the gas in each sub-region (see Methods and Supplementary Information). Normalised
noise-corrected structure functions of velocity and gas density are presented in Figure 2. The velocity
structure functions measured in 1-D along the crests of the spiral arm of NGC 4321 (Figure 2a) and in
the CMZ gas stream (Figure 2d) exhibit local minima at specific spatial scales. Structure functions
display localised minima in response to periodicity in spatial or temporal data, indicating that the
observed velocity fluctuations oscillate with an intrinsic wavelength (for an intuitive demonstration
of this behaviour, see the Supplementary Information and Supplementary Figure 1). We measure
the wavelengths of these oscillations to be 405122 pc and 22.072°3 pc in the spiral arm and CMZ gas
stream, respectively. The coherent nature of these oscillatory motlons, detected over 10%-103 pc scales,
is inconsistent with the characteristically scale-free motion produced in a turbulent flow.

Inspection of the corresponding density structure functions reveals periodicity on equivalent spatial
scales to that detected in velocity. In the splral arm, we ﬁnd a minimum located at 366155 pc. In the
CMZ, two minima are identified at 6.075% pc and 21.8173 pc, respectively. The periodicity implied by
these localised minima corresponds to the regular spacmg of molecular cloud complexes detected in
CO (2 — 1) emission in the spiral arm of NGC 4321 and GMCs detected in dust continuum emission in
the CMZ gas stream, respectively (emission profiles extracted along the crests of these structures are
shown in Extended Data Figure 3). The derived separation of the cloud complexes in the spiral arm of
NGC 4321 agrees with the 410 pc spacing of embedded star clusters independently identified using
mid-infrared observations.'* Multiple minima detected in the density structure function of the CMZ
gas stream suggests that GMCs separated by 6.07)5 pc are clustered together in groups separated by
21.8"22 pc. This is confirmed via inspection of the d1str1but1on of NoH' (1 — 0) emission from which
our Velocr[y information is derived (see Supplementary Information).

The phase difference between the density and velocity fluctuations encodes the physical origins of
the detected gas flows. In the spiral arm, we find that the velocities of the molecular cloud complexes
are almost always blue shifted with respect to the rotational velocity of the galaxy at this location. The
molecular cloud complexes, detected as peaks in the CO (2 — 1) emission, therefore reside where the
velocity gradient is close to zero (Extended Data Figure 4a). Combining knowledge of NGC 4321°s
inclination and rotation,'*2° with the location of our selected arm with respect to the corotation radius
of the spiral pattern (7.1-9.1 kpc?!'), we conclude that the observed oscillation likely results from a
combination of spiral streaming motions and radial gravitational inflow.?> Conversely, in the CMZ, the
locations of NoH™ (1 — 0) emission peaks spatially correlate with extrema in the velocity gradient (see
Extended Data Figure 4). This signature implies that the gas flows are converging towards the emission
peaks. In this context, the GMCs observed in the CMZ gas stream may be the result of hierarchical
collapse,® whereby large scale cloud complexes fed by flows on 22.072-3 pc scales have fragmented
into a series of GMCs separated by 6.070% pc. Further discussion on the nature of these flows can be
found in the Supplementary Information.

As molecular clouds form at the stagnation points of convergent flows, the kinetic energy cascading
from large to small scales contributes to the supersonically turbulent motions that produce complex
and scale-free structure observed within GMCs.”!® Indeed, in contrast to the characteristic scaling
observed in the density and velocity structure described above, the internal physical structure of our
selected GMC:s in the Galactic disc and in the CMZ is multi-dimensional, complex, and without



regularity (see Extended Data Figure 2b and e). This is confirmed in Figure 2b and e, where we show
that the structure functions of both density and velocity scale as power-laws. This scale-free behaviour
is also reflected in structure functions computed over discrete azimuthal angles, indicating that the
velocity fluctuations do not exhibit a preferred orientation (see Methods).

There 1s broad agreement between the scaling of our velocity structure functions (0.41 + 0.01 and
0.37 £ 0.01 for the GMCs in the disc and CMZ, respectively) and the distribution of measured scaling
exponents for the Galactic line width-size relationship,”® which is often interpreted as evidence for
the presence of supersonic turbulence in molecular clouds.?* However, we caution that the scaling
of velocity structure functions has been interpreted in many different ways and may be subject to
observational biases (see Supplementary Information). Despite the similarity in the scaling exponents
of the two regions, the velocity fluctuations in the CMZ are greater than those in the disc by a factors
of 10-100 when measured on a fixed spatial scale, consistent with the elevated levels of turbulence
present within the inner Galaxy.!*?

Shocks generated by supersonic turbulence contribute to the formation of the filamentary structure
that pervades molecular clouds.”?* High-resolution observations of one of the density enhancements
detected in our Galactic disc GMC, reveal a complex internal network of dense, velocity-coherent
filaments!” (see Extended Data Figure 2b and ¢). Embedded within each of these filaments is a
population of density enhancements representing the formation sites of individual stars and stellar
systems.'7?® In analogy to the gas flows observed on much larger scales along the spiral arm of
NGC4321 and in the CMZ gas stream, we find that the velocity fluctuations observed along the spine
of our selected GMC filament exhibit periodicity on 0.2870-0% pc scales (Figure 2c). The wavelength of
these velocity oscillations is comparable to the separation of density enhancements along the filament
(0.3275:01 pc). Furthermore, the locations of some of these density enhancements spatially correlate
with extrema in the velocity gradient (Extended Data Figure 4c¢), indicative of either convergent motion
or collapse-induced rotation.?’

A promising candidate driving the formation of periodic density fluctuations, and their correlated
gas flows, is gravitational instabilities. We find that the separation of the periodic density enhancements
observed in the spiral arm, CMZ gas stream, and GMC filament are factors of 3 — 5 times the beam-
deconvolved diameters of their parent structures (122 + 5pc, 4.2 £+ 0.2pc, and 0.107 4+ 0.001 pc,
respectively; see Table 1). Periodic density enhancements arranged like ‘beads on a string’ along their
parent filaments have been observed in nearby galaxy discs®'* as well as in local molecular clouds,'®-?®
and frequently show separation-to-diameter ratios consistent with those measured in this study (see
Supplementary Information). This measured ratio is consistent with theoretical work describing the
gravitational fragmentation of filaments, both on large®” and small*>*! scales. Our findings now extend
this result by showing that the separation-to-diameter ratio in the velocity structure of the ISM matches
that of the density enhancements.

The combined analysis of density structure and gas kinematics, as well as the unprecedented spatial
dynamic range covered in our study, represents a novel approach to understanding gas flows in the
ISM and their relation to the emergence of physical structure. Our results indicate that the formation
and evolution of dense star-forming gas across this sample of environments is controlled by nested,
interdependent gas flows. The natural next steps are to apply this approach to an unbiased sample of
regions, as well as to synthetic observations of numerical simulations, which together will provide
critical insight into the role that the galactic environment plays in setting the scale and magnitude of
the gas flows that seed star formation in galaxies.
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Figure 1: Ubiquitous velocity fluctuations throughout the molecular interstellar medium. Here we show
p-p-v volumes of different galactic environments (see also the Supplementary Videos). The data points indicate
the X-Y position and velocity of individual Gaussian emission features extracted from each data set using
spectral decomposition (see Methods). The colour indicates the peak intensity of each emission feature (see
the cartoon in the bottom-left). The different columns illustrate decreasing spatial scale, from kpc scales on the
left down to sub-pc scales on the right. The rows highlight differences in galactic environment, from galaxy
discs (top) to the Central Molecular Zone (CMZ; bottom). The individual regions in each panel are as follows:
NGC 4321 (a); a region in the Milky Way’s Galactic disc (b); the Northern part of the infrared dark cloud
(IRDC), G035.39-00.33 (c); the inner 250 pc of the Milky Way, the CMZ (d); and the IRDC G0.253+0.016 (e).
We include 3-D scale bars in the bottom corners of each panel to indicate the physical scaling as well as the
orientation of each p-p-v volume. Note that the our selected region in the Galactic disc (b) contains gas located
at different distances. The scale bar is correct for a distance of 3 kpc, which is relevant for the statistical analysis
of our selected GMC (see Methods).
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Figure 2: Correlated density and velocity fluctuations. Each panel shows normalised and noise-corrected
second-order structure functions of density (coloured dashed lines) and velocity (coloured solid lines) taken
from a sub-sample of the data sets presented in Figure 1. The regions selected for this analysis are shown in
Extended Data Figure 2 (see Methods) and consist of: a portion of the southernmost dominant spiral arm in
NGC 4321 (a); a GMC located within the Galactic Disc (b); an individual filament located within the same GMC
(c); a portion of the CMZ gas stream (d); a GMC located within the CMZ (e). Vertical coloured dotted lines in
panels (a), (c), and (d) indicate the spatial scale of periodic fluctuations in density and velocity (the horizontal
black lines indicate the uncertainty on these measurements; Table 1). Black dotted lines in panels (b) and (e) are
power-law fits to the structure functions (the fit range is indicated in each panel). The dark grey shaded area
indicates the range of lags for which the recovered structure function is unreliable owing to the limited spatial
resolution of the data.



Environment Filament Diameter Density Periodicity Velocity Periodicity

(parsec) (parsec) (parsec)
Spiral arm 122 £5 366733 40522
CMZ Gas Stream -~ 6.0708 -~
4240.2 21.87575 22.070%
GMC Filament 0.107 £ 0.001 0.32+01 0.281008

Table 1: Characteristic length scales. In this table we include the beam-deconvolved diameters of the
filamentary structures that exhibit periodicity, as well as the separation between periodically-spaced density
enhancements and the wavelength of the velocity oscillations determined from our structure function analysis
presented in Figure 2. Note that the density and velocity fluctuations observed throughout the GMCs selected in
our study have no discernible characteristic scaling and are therefore not included here.



METHODS

Environment selection

Our observations cover a spatial dynamic range of about four orders of magnitude, from kpc scales
in the nearby galaxy NGC 4321 down to 0.1 pc scales in the Milky Way. In the following section we
describe our environment selection.

NGC4321

Located in the Virgo cluster, NGC 4321 (M100) is a barred grand-design spiral galaxy of class
SAB(s)bc.?? The galaxy is highly structured with two well-defined spiral arms with strong symmetry.>?
The galaxy has a stellar bar and a nuclear ring with a radius of about 1 kpc.** Strings of regularly-spaced
star-forming regions extend over kpc distances within thin dust filaments throughout its disc.'*%

The Galactic disc

On intermediate scales in the Milky Way disc we include observations of the massive (5 x 105 Mg;
Ref. 36) Giant Molecular Filament, GMF 38.1-32.4b.3® GMFs are a class of elongated giant molecular
clouds.*** Our selection of GMF 38.1-32.4b is based on its association with the Infrared Dark Cloud
(IRDC) G035.39-00.33, which provides the basis for the high-resolution component of our study of
galaxy discs (see below). GMF 38.1-32.4b is almost orthogonal to the Galactic plane and has a length
of 80 pc and an aspect ratio about 1:12.36-40

G035.39-00.33

Situated at a kinematic distance of 2.9 kpc,*! G035.39-00.33 is a massive (10* M*?) and filamentary
IRDC embedded within GMF 38.1-32.4b and thought to harbour the early stages of star formation.*>**
The structure and dynamics of G035.39-00.33 have been studied extensively, revealing the presence of
multiple sub-filaments which feed their embedded core population,!”-26:45-48

Central Molecular Zone (CMZ)

The inner few 100 pc of the Milky Way contains approximately 3-5% of the Milky Way’s molecular
gas, a reservoir of 2 — 7 x 107 M, of molecular material.>**’ The physical conditions of the gas are
extreme compared to those in the galaxy discs discussed above: the density,”*>? temperature,’>*
velocity dispersion,!%> radiation field,”® pressure®’->® and cosmic ray ionization rate® are larger by
factors of a few to several orders of magnitude. The gas is distributed throughout several coherent
streams spanning 250 km s~! in velocity and with projected lengths of the order 100-250 pc.!'%-60-62



G0.253+0.016

On small scales in the CMZ, we focus on the IRDC G0.253+0.016. With a mass of around 10°> M, and
an equivalent radius of just ~ 2 — 3 pc, G0.253+0.016 is one of the densest molecular clouds in the
Galaxy. %364 Despite this, G0.253+0.016 shows very few signatures of active star formation.> While
single dish observations depict G0.253+0.016 as a single, coherent, and centrally-condensed molecular
cloud,® more recent work suggests that G0.253+0.016 is dynamically complex and hierarchically-
structured.'!

Observations and data

Here we describe the observations and data, summarising the relevant information in Extended Data
Figure 1.

NGC4321

We analyse CO (2-1) emission from NGC 4321 (M100) observed by ALMA as part of the pilot
program for the PHANGS-ALMA survey (A. K. Leroy et al., manuscript in preparation). These
Cycle 3 (program 2015.1.00956.S) observations covered the galaxy using ALMA’s main array of 12-m
telescopes, the 7-m telescopes from the Morita Atacama Compact Array, and the total power dishes.
The galaxy was covered by two large mosaics, which were observed separately. Data calibration used
the standard ALMA pipeline. For imaging, we combined the data from the 12m and 7m arrays, carried
out a multiscale deconvolution, and then “feathered” the interferometric images with the total power
data to produce the final images. A first version of these maps initially appeared in Ref. 67. Sample
selection, observing strategy, data reduction, imaging, and post-processing are described in A. K. Leroy
et al., (manuscript in preparation).

Relevant to this work, these data include total power and short spacing information and so have
sensitivity to all spatial scales. For imaging, we binned the data to have a channel width of 2.5 km s~ 1.
During post-processing, two mosaics were convolved to share a matched ~ 1”76 beam (~ 120 pc at
the adopted distance to NGC 4321 of 15.2 Mpc®) and then linearly combined to form a single data
cube covering most bright CO emission from the galaxy. Following Ref. 67, ~ 70% of the total CO
emission present in the target region is recovered at good signal to noise at 1”6 resolution.

The Galactic disc

We use data from the Boston University Five College Radio Astronomy Observatory (FCRAO) Galactic
Ring Survey (GRS'®). This survey covered the lowest rotational transition of the 13CO isotopologue
(J = 1 — 0) with an angular resolution of 46”, a pixel sampling of 22", and a spectral resolution of
0.21 km s~!. Atadistance of 3 kpc, relevant for GMF 38.1-32.4b,® the angular resolution of these data
corresponds to a physical resolution of about 0.7 pc. The GRS covers a range in Galactic coordinates
of 1470 < [ < 5670 and —1°1 < b < 1°1. The region displayed in the upper central panel of Figure 1
thereby encloses both GMF 38.1-32.4b and G035.39-00.33 and covers 33°0 < [ < 3870, the full
Galactic latitude coverage, and 25 < v sg < 70 km s~1. Note that because of our view through the
Galactic plane this panel contains molecular gas situated at different distances, and GMF 38.1-32.4b
comprises only a small fraction of these data (see Data selection for statistical analysis).



G035.39-00.33

We analyse NoH' (1 — 0) emission associated with G035.39-00.33 observed with the Institut de
Radioastronomie Millimétrique (IRAM) Plateau de Bure Interferometer. These data were first presented
in Refs. 17 and 26. The observations cover the northern portion of the cloud and have an angular
extent of 40” x 150” (0.6 pc x 2.1 pc; assuming a kinematic distance of 2.9 kpc*!). These data were
combined with IRAM-30m telescope observations first presented in Ref. 45 to recover the zero-spacing
information. The data are convolved to a circular beam of 5” (the native spatial resolution is 3”79 x 32),
corresponding to a physical resolution of 0.07 pc. In this study, we retain the native pixel scaling of 0”76
(Ref. 17 downsampled the data to 2" pixels). The spectral resolution of the data is 0.14 km s, and the
sensitivity is of the order 1 mJy beam™'. Further details on these observations and their combination
are included in Ref. 17.

Central Molecular Zone (CMZ)

We use data from the Mopra CMZ survey.'® These observations cover the region —0765 < [ < 171
and —0725 < b < 0720, which incorporates material within a galactocentric radius of approximately
125 pc (assuming a distance of 8340 pc’). The spatial resolution of the observations is 60”, which
corresponds to a physical resolution of 2.4 pc. The spectral resolution of the observations is 2 km s*.
The data included in Figure 1d show the HNC (1 — 0) emission analysed in Ref. 10, which is extended
over the entire CMZ. However, note that for our statistical study we use NoH* (1 — 0), consistent with
Ref. 13 (see Spectral decomposition). We refer the reader to Refs. 10 and 16 for further discussion

on these data.

The Herschel column density data was computed using modified blackbody fits to the HIGAL
data,’® using the 160, 250, 350, and 500 ;m bands (C. Battersby et al., manuscript in preparation).
The 70 pm band was excluded from the fit due to possible contamination from very small, warm dust
grains. At the wavelengths observed with Herschel, there is significant contamination from Galactic
cirrus emission, which was removed through an iterative process described in Refs. 71 and 72. All of
the data were smoothed to the HIGAL reported beam size at the longest wavelength, 36” (Ref. 70), and
the resulting maps are presented at this resolution.

G0.253+0.016

We include the ALMA Cycle 0 observations (program 2011.0.00217.S) of IRDC G0.253+0.016
studied in detail by Ref. 11. These data were first presented in Ref. 64. The observations cover the
full 180” x 60" (7.1pc x 2.4 pc; assuming a distance of 8340 pc?) extent of the molecular cloud. We
focus exclusively on the HNCO 4(0,4) — 3(0, 3) transition. These data were combined with single
dish observations from the The Millimeter Astronomy Legacy Team 90 GHz (MALT90) survey’** to
recover the zero-spacing information. The spatial resolution of the data is 1”7, which corresponds to a
physical resolution of 0.07 pc. The spectral resolution of the data is 3.4 km s~ 1.

Spectral decomposition

In this section we describe the spectral decomposition of the data discussed above. For an introduction
to the methodology and a description of the techniques used, we refer the reader to the Supplementary
Information. The spectral decomposition of the CMZ fields displayed in Figure 1d and e is described
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in full in Refs. 10 and 11, respectively. Although Figure 1d shows the HNC (1 — 0) decomposition
to better highlight extended emission, we use the decomposition of NoH' (1 — 0) emission for the
structure function analysis presented in Figure 2d, consistent with Ref. 13.

New to this work, we apply SCOUSEPY to the CO (2 — 1) data towards NGC 4321. We set the
width of our SAAs to 100 pixels, corresponding to about 1.8 kpc at the assumed distance of NGC 4321
(15.2Mpc). A total of 1.1 x 10° model solutions were obtained out of the 2.3 x 10° included in the
SAA coverage. A total of 1.2 x 10° Gaussian components were extracted during the fitting procedure,
indicating that the models were mostly single-component fits. Multiple component fits were largely
confined to the inner part of the galaxy and a few concentrated regions in the spiral arms.

The decomposition of the Galactic disc region, focussing on GMF 38.1-32.4b,*¢ is performed
using the machine learning algorithm GAUSSPY+!? (see Supplementary Information). The details of
the decomposition of the entire '3CO (1 — 0) GRS data set are described in full in Ref. 75. We train
GAUSSPY with twelve training sets each containing 500 randomly chosen spectra from the GRS data
set. These training sets are automatically generated with GAUSSPY+, and their decomposition was
benchmarked against the training set functionality of SCOUSEPY,!! which takes randomly sampled
regions of survey data for training set development. We find good agreement between the results of
the two methods in these sub-regions, justifying our application of GAUSSPY+. Figure 1b shows a
subsample of the GRS decomposition containing almost 3 x 10° components within 33° < [ < 38°,
the full Galactic latitude coverage, and 25 < vy gg < 70 km s~ 1.

For G035.39-00.33, the spectral decomposition is performed using SCOUSEPY and therefore
differs from that originally presented in Ref. 17. We perform our Gaussian decomposition focusing
exclusively on the isolated Fy, F' = 0,1 — 1,2, component of the J = 1 — 0 transition of NoH™ at
93176.2522 MHz.” We set the width of our SAAs to 16 pixels, corresponding to about 0.2 pc at the
assumed distance of G035.39-00.33 (2.9 kpc). A total of 1.5 x 10* velocity components were fitted
to 7 x 10? pixels, and multiple velocity components are required to describe the spectral line profiles
over a significant (69%) portion of the map.

Data selection for statistical analysis

In the following section we describe our data selection for the statistical analysis presented in Figure 2.
A potential source of uncertainty in interpreting the results from kinematic analysis methods is that
observational data is sensitive only to estimators of the true underlying density and velocity fields.
Spectral decomposition, which relies on the profile of emission lines, can be vulnerable to the influence
of velocity crowding’’~"° and variations in optical depth. Fortunately, the influence of these effects can
be mitigated through careful selection of environment and spectral lines.

We select sub-regions from each of the five environments discussed in Environment selection
and presented in Figure 1. We select three sub-regions which, despite tracing vastly different scales,
display similar morphology in that they are highly filamentary and (qualitatively) interspersed with
quasi-periodic intensity peaks along their crests: part of the southern spiral arm in NGC 4321, part of
the CMZ gas stream, and a filament embedded within a GMC located in the Galactic disc. We further
select two GMCs, one in the Galactic disc and one in the Milky Way’s CMZ, the intensity profiles of
which are complex and disordered. Our selected regions are displayed in Extended Data Figure 2.
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Spiral arm

For our analysis of NGC 4321, we select a region which shows a sample of regularly-spaced infrared
peaks.'* These star-forming complexes, inferred by the presence of mid-infrared emission, are located
within NGC 4321’s southern spiral arm (see green X’s in Figure 4 of Ref. 14).

We expect that the influence of velocity crowding is minimised in this region by the limited
molecular scale height of the galaxy, which is viewed face on. Similarly, although the CO (2 — 1)
i1s most likely optically thick, single velocity components provide a suitable description for most
of the CO (2 — 1) emission along the arm. This indicates that our centroid measurements are not
strongly influenced by optical depth effects. Where two velocity components are necessary to model
the emission, the secondary component, i.e. that which appears in addition to the component most
closely tracing the spiral arm, is often spatially localised and compact, of low brightness temperature,
and offset in velocity from the emission tracing the arm. We remove these additional components by
selecting the brightest velocity component at each location. We further select the molecular cloud
complexes which follow the coherent structure of the spiral using GLUE.?*8! Extended Data Figure 2a
shows the data we have selected for our statistical analysis.

Galactic disc GMC

The effect of velocity crowding is particularly pertinent in studies of the Milky Way, where our view
through the Galactic plane complicates our physical interpretation of p-p-v-space. Molecular clouds,
coherent in true 3-D space may be separated in p-p-v-space due to complex dynamics. Similarly,
molecular clouds projected along the same line-of-sight, but otherwise physically decoupled, may
crowd in p-p-v-space. These effects are expected to be most prominent towards the tangent point
velocities of the Milky Way’s rotation curve.” Since GMF 38.1-32.4b is separated by around 40 km s+
from the tangent point velocity at [ = 35°,%> we expect the effects of velocity crowding to be small.

The gas associated with GMF 38.1-32.4b makes up only a small fraction of the total emission
displayed in Figure 1b. To isolate this GMC from the sample of data shown in Figure 1b, we
use ACORNS,!'! an n-dimensional unsupervised clustering algorithm designed for the analysis of
spectroscopic p-p-v data.'! We apply ACORNS directly to the data shown in Figure 1b. We cluster
the data based on position, centroid velocity, and the velocity dispersion information provided by our
decomposition. From the resulting hierarchy of clusters, we identify the cluster which most closely
matches the morphology of GMF 38.1-32.4b as identified by Ref. 36. The result of this analysis is
displayed in Extended Data Figure 2b, where we show the peak brightness temperature of the *CO
(1 — 0) emission of the ACORNS cluster. Our ACORNS-identified cluster shows excellent agreement
with the GMF extracted in Ref. 36, which is highlighted by the white contour.

GMUC filament

The association between GMF 38.1-32.4b and IRDC G035.39-00.33 is evident in Extended Data
Figure 2b, where G035.39-00.33 is identified as a compact, bright source of *CO (1 — 0) emission.
We apply ACORNS to our new decomposition of the NoH™ (1 — 0) data. Our clustering analysis is
consistent with the results of Ref. 17 in that the NoH™' (1 —0) emission is mainly distributed throughout
three dominant sub-filaments (see also Ref. 48). This high-density gas tracer is less susceptible to
the effects of velocity crowding and line-of-sight confusion.®® Furthermore, the isolated hyperfine
component of NoH™ (1 — 0) is measured to be optically thin.!” The sub-filament selected for our
structure function analysis is shown in Extended Data Figure 2c. The filament exhibits strong localised
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velocity fluctuations along its primary axis (evident in Figure Ic¢).

CMZ

As proof of concept of our statistical analysis, we reanalyse the region of the CMZ studied by Ref. 13.
In general, the effects of velocity crowding are less prominent in the CMZ, where the gas is distributed
throughout molecular streams that are well-separated in velocity.!%% Our selected region is located
between —0:65 < [ < 070 and —0°05 < b < 071, and is associated both with a series of quasi-
regularly spaced molecular cloud condensations and an oscillatory pattern in the centroid velocity
of the molecular gas. This velocity pattern is observed in multiple tracers,'*!%%+85 indicating that
it is of dynamical origin, and not simply the result of excitation or optical depth effects. Extended
Data Figure 2d displays the Herschel-derived column density map (C. Battersby et al., manuscript in
preparation) covering the region that displays the coherent velocity oscillation investigated in Ref. 13.
These data were selected using the software GLUE,**8! using the location of the centroid velocity

measurements from Ref. 13 as a guide for masking.

CMZ GMC

We focus our analysis on one of G0.253+0.016’s dominant substructures, extracted using ACORNS. !
The distribution of optically-thin!! emission from the 4(0,4)-3(0,3) transition of HNCO throughout
our selected substructure, labelled ‘tree C’ in Ref. 11, is morphologically similar to that of the dust
continuum emission associated with the cloud. This structure therefore most likely dominates the
internal physical composition of G0.253+0.016. The HNCO 4(0,4) — 3(0, 3) emission profile of this
substructure is displayed in the bottom-right panel of Extended Data Figure 2e.

Statistical analysis of the observational data

In the following section we discuss our statistical analysis of our selected sub-regions. We group the
sub-regions according to their dominant geometry, either long and filamentary or multi-dimensional
and complex. The physical interpretation of the following analysis is discussed at length in the section
Summary of the results and physical interpretation in the Supplementary Information.

Analysis of filamentary structures

We perform our analysis along the crests of each sub-region. We obtain the crest of each filamentary
structure by applying FILFINDER®® to our selected density tracer in each environment, CO (2 — 1) in
the spiral arm, the Herschel-derived column density map in the CMZ, and the NoH™ (1 — 0) emission
in the GMC filament (see Extended Data Figure 2).

We perform a weighted mean of our selected density tracer (weighting by the square of the Gaussian
fit amplitude value) orthogonal to the crest. The resulting profiles (solid) and the standard deviation
about the mean (shaded region) are shown in the top panels of Extended Data Figure 3.

For the velocity field, we remove the bulk motion motion by modelling it with a simple polynomial
function and subtracting this model from the velocity field derived from our spectral decomposition,
leaving only the residual local velocity fluctuations. We measure a weighted mean velocity (weighting
by the square of the Gaussian fit amplitude value) orthogonal to the crest. The resulting distributions
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(solid line) and the standard deviation about the mean (shaded region) are shown in the bottom panels
of Extended Data Figure 3.

We compute the 1-D structure function on the data presented in Extended Data Figure 3 using
Sp(8) = (oz(r, £)") = (Ja(r) — z(r + £)[), (D)

where the quantity dx(r, £) represents the absolute difference in the quantity  measured between
two locations separated by £. The structure function, S,(£), averages this quantity (raised to the pth
power, the order) over all locations (indicated by the angle brackets). For a more comprehensive
description of the structure function and its behaviour we refer the reader to Structure functions and
their application to toy models in the Supplementary Information.

Since the structure function compares pairs of points at a given lag, £, the maximum, fully sampled
lag that fits within these 1-D data sets is half the total length of each crest. This defines our upper
limit to the spatial scales over which the structure functions presented in Figure 2 is computed. We
generate noise-corrected structure functions by computing the structure function of the measurement
uncertainties associated with our Gaussian fit components and subtracting this from the structure
functions of the signal. A comprehensive description of the behaviour of the structure function in
response to instrumental noise is included in the Supplementary Information. The results of this
analysis are shown in Figure 2.

We estimate the uncertainty on the structure function as

o(£)

0s,(£) = N
indep

2)

where o represents the standard deviation of the measurements obtained at a given lag and Njyqep, 18
the number of independent measurements of S, taken at that same lag, £.

Each of the structure functions relating to our filamentary structures display local minima at
specific spatial scales. For our density tracers (dashed lines), these minima occur at spatial scales of
A, = 366732 pc in the spiral arm, both 6.070% pc and 21.8*2% pc in the CMZ, and 0.3270 ] pc in the
GMC filament (Table 1). The uncertainties on each of these measurements represent the full-width-
at-half-minimum for each of the minima detected in the structure function. Periodicity in the density
structure indicates that density enhancements are forming with a preferred, or characteristic, spacing.
The structure function therefore provides a quantitative measure of the periodicity that is qualitatively
evident in the maps presented in Extended Data Figure 2. We demonstrate the response of the structure
function to periodicity using toy models in the Supplementary Information (see e.g. Supplementary
Figure 1).

We compute the beam-deconvolved diameters of the filamentary structures for comparison with
the above derived characteristic spacing. To do this, we use FilFinder®® to compute radial intensity
profiles normal to the spines identified above. We fit the radial profile with a Gaussian model with
a mean centred on the filament spine and a constant background. The model is then deconvolved
with the beam of the observations. For the spiral arm, CMZ stream, and GMC filament we measure
beam-deconvolved diameters of D = 122 £+ 5pc, 4.2 £ 0.2pc, and 0.107 £ 0.001 pc, respectively.
The characteristic wavelengths derived above are therefore of the order 3, 5, and 3 times the diameter
of their parent structures, respectively.

Perhaps a more surprising feature of structure functions presented in Figure 2 is that the velocity
fluctuations along the crests of our selected regions also display periodic behaviour. Moreover, that
the characteristic wavelengths of the velocity fluctuations in each environment agrees, within the
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uncertainties, to the periodicity detected in density. We measure the location of the minima in the
velocity structure functions (solid lines) to be A, = 405722 pc for the spiral arm, 22.072-3 pc for the
CMZ, and 0.2800° pc in the GMC filament (Table 1).

To assess the phase relationship between density (p) and velocity (v) fluctuations we introduce the
cross-correlation, which is defined

XCO() = (p(r)u(r + £)). 3)

The cross-correlation tells us how closely related the density and velocity fields are as a function of
displacement, or lag, relative to one another.

We define the associated uncertainty in the cross-correlation function as
oxc(f) = e [Uz(r)v(r +0)?] + 3, [Ug(rw)P(r)Q} 4)

where 0, and o, represent the standard deviation of our measurements (shown as the coloured shaded
regions in Extended Data Figure 3). Given that both variables (density and velocity) exhibit periodicity
in each of our sub-regions, and are therefore autocorrelated, the cross-correlation function has multiple
peaks at different lags. We therefore identify all significant (XC(£)/oxc(£)) > 3) peaks in the
cross-correlation function, and select the one which is located at the smallest lag as the representative
phase-shift between density and velocity.

We measure phase differences between density and velocity of 191 &+ 62 pc for the spiral arm,
2.7+ 2.9pc for the CMZ, and 0.11 &£ 0.03 pc for the GMC filament, respectively. The uncertainty in
each of these measurements represents the standard deviation of a Gaussian fitted to the relevant peaks
in the cross-correlation function.

Given that the spatial resolution of our density (column density from Herschel) and velocity (NoH™
(1 — 0) emission from Mopra) tracers in the CMZ differ by a factor of two, we also compute the phase
difference between density peaks and the velocity oscillations both derived from the NoH™ (1 — 0)
emission and find 1.4 4 2.9 pc (the emission profile of the NoH™ data is displayed in Extended Data Fig-
ure 4b). Relative to the characteristic wavelengths derived for the velocity oscillations, A, these phase
differences are approximately A, /2 for the spiral arm, )\, /8 (\,/16, for the NoH™ (1 — 0) emission)
for the CMZ, and 22, /5, for the GMC filament, respectively.

Analysis of multi-dimensional structures

The emission associated with the GMCs selected in our study do not follow a simple linear morphology
(see Extended Data Figure 2b and e). Due to the lack of a dominant geometry, the structure func-
tions presented in Figure 2b and e are computed in 2-D, thereby averaging the density and velocity
fluctuations over all azimuthal angles in each GMC.

We generate noise-corrected structure functions by computing the structure function of the mea-
surement uncertainties associated with our Gaussian fit components and subtracting this from the
structure functions of the signal (see Supplementary Information). The structure functions presented in
Figure 2b and e display power-law behaviour over a limited spatial scale, consistent with scale-free
fluctuations in both density (dashed lines) and velocity (solid lines). On large-scales, the structure
functions begin to flatten due to insufficient sampling®’ (see Figure 2). We fit the structure functions
with power-law functions of the form S,(£) oc £°2. We set the lower and upper limits of our fitting
range to the beam size®® (0.65 pc and 0.07 pc for the GMCs in the disc and CMZ, respectively) and
the approximate scale above which the structure functions begin to turn over (4 pc and 0.7 pc for the
GMC s in the disc and CMZ, respectively).
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We find that the structure functions of density for our GMCs in the disc and CMZ increase
with increasing spatial scale with scaling exponents ¢, = 0.82 +0.03 and 0.91 + 0.01. Similarly,
we measure scaling exponents for the velocity structure functions of (; = 0.82+0.02 and (, =
0.74 + 0.01, respectively.

We also investigate whether the scaling between the velocity structure functions and spatial scale
differs as a function of direction. We compute the structure functions as a function of azimuthal angle
in 10° increments between 0° (Galactic east-west) and 90° (Galactic north-south). We measure mean
scaling exponents of (, = 0.76 £ 0.03 and ¢, = 0.72 £ 0.02 (where the uncertainty represents the
standard deviation of the measurements), for the GMCs in the disc and CMZ, respectively. The small
standard deviation of these measurements indicate that the velocity fluctuations have no preferred
orientation. We find tentative evidence for a trend between our measured scaling exponents and
increasing azimuthal angle in our CMZ GMC (R? = 0.67, p-value= 0.003). No such trend is evident
for our selected GMC in the Galactic disc.
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Environment ID/Region Tracer Distance Resolution Scales Probed

Nearby galaxy NGC4321 CO2-1) 15.2Mpc 1”6 102 — 10% pe
Galactic disc 33° <l <38, —11°<b< 1.1° BCo (1 -0) [3.0kpc] 46" [10° — 10% pc]
Galactic disc GMC G035.39-00.33 NoH* (1 —0) 2.9kpc 5" 1071 — 10 pe
CMzZ —0%65 <1 < 1°1,-0225 < b < 072 HNC(1-0) 8.2kpc 60” 10° — 102 pc

CMZ GMC G0.253+0.016 HNCO 4(0,4) — 3(0,3)  8.2kpc 17 1071 — 10 pe

Extended Data Figure 1 | Summary of the observations. Here we highlight the observations and region
selection for the data presented in Figure 1. The scales probed by our Galactic disc selection (seen in square
brackets) are relevant for a distance of 3 kpc. Out of each of these environments we select sub-regions for the
statistical analysis presented in Figure 2 (see Statistical analysis of the observational data).
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Extended Data Figure 2 | Maps of the regions selected for statistical analysis. The upper panels display our
galactic disc environments. From left to right we show part of the main southern spiral arm in NGC 4321 (a), a
GMC in the Galactic disc (b), and an individual filament located within that same GMC (c). The bottom panels
display our selected regions in the CMZ: The series of molecular clouds investigated by Ref. 13 (d) and an
individual GMC located within the CMZ gas stream (e). The cyan points in panel ‘a’ refer to the locations of star
forming complexes identified in the mid-infrared.'* In the upper left of each panel we indicate the tracer used to
create each image. Scale bars are included in the bottom right corner of each image. These regions correspond
to the areas over which we perform our statistical analysis (see Statistical analysis of the observational data
and Figure 2).
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Extended Data Figure 3 | Distribution of our density proxy (top) and velocity centroids (bottom) along
the crest of the structures displaying periodicity. From left to right we show distance along the crest of each
structure versus mean density (top) and velocity (bottom), for our selected regions in NGC 4321 (a, b), the CMZ
(c, d), and IRDC G035.39-00.33 (e, f), respectively (see Extended Data Figure 2). The coloured shaded region
in each panel represents the standard deviation of the data measured orthogonal to the crest.
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Extended Data Figure 4 | A comparison between our density proxy and the line-of-sight velocity differ-
ential. Here we show the profile of our density proxy (coloured lines) with the normalised velocity differential
(black line) along the crests of our our selected regions in NGC 4321 (a), the CMZ (b), and IRDC G035.39-00.33
(c), respectively. Note that in panel ‘b” we show emission of NoH™ (1 — 0) rather than the column density
distribution displayed in Extended Data Figure 3¢ (see the discussion in the Supplementary Information). The

black dotted line highlights where the derivative of the velocity is 0.0 km s~ pc~!.
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SUPPLEMENTARY INFORMATION

An introduction to spectral decomposition

Throughout this work we use the term spectral decomposition to describe the modelling of individual
velocity components or emission features detected within spectroscopic data. This is used as an alter-
native to techniques such as moment analysis, which computes intensity-weighted average quantities,
but does not describe the properties of individual emission features where multiple components are
evident. Spectral decomposition has been used to study the composition, structure, and dynamics of
the ISM, particularly in the Milky Way, where our view through the Galactic plane introduces complex
line-of-sight velocity structure.!®!7-891

Spectral decomposition algorithms can be broadly classified into bottom-up and top-down ap-
proaches. Bottom-up approaches involve the decomposition of individual spectra independently
from one another.'>4%83-92.93 With this approach, additional steps must be taken to ensure (physically-
motivated) continuity between adjacent pixels. The top-down methodology involves modelling spatially
averaged (and thereby degraded spatial resolution) data, and applying these solutions to the native
resolution data.'®!!-%* This methodology negates the need for further spatial fitting since it is inherent
to the technique.

To decompose the data described in Observations and data (Methods), we first use SCOUSEPY,!!
which is a semi-automated spectral decomposition algorithm that falls into the top-down category
discussed above. Briefly, SCOUSEPY decomposes the data by first breaking a map up into small regions
referred to as spectral averaging areas (SAAs). User-provided inputs are used to fit spatially-averaged
spectra taken from each SAA. The best-fitting solutions to the SAA spectra are then used as free-
parameter guides to a fully-automated fitting procedure which targets the individual spectra located
within each SAA. Spatial overlap between SAAs ensures that the fitting process is both non-restrictive
and that it is able to transition smoothly between different regions within a data set. This methodology
is used for our decomposition of the NGC 4321, CMZ, G035.39-00.33 and G0.253+0.016 data sets
(see Spectral decomposition in Methods).

The size and complexity of the GRS data set means that a different approach is required. Here,
we employ the bottom-up methodology of GAUSSPY+,'? which is specifically designed for the fitting
of survey data. GAUSSPY+ uses the autonomous Gaussian decomposition algorithm GAUSSPY.%?
GAUSSPY is a machine learning algorithm, originally used in the analysis of HI data,”® which uses
a technique known as derivative spectroscopy (see also Ref. 83) to decompose spectroscopic data
into individual emission features. GAUSSPY+ bolsters the autonomous Gaussian decomposition of
GAUSSPY with physically-motivated quality controls and spatially-coherent fitting. For more details
on both techniques, we refer the reader to Refs. 10-12 and 93.

Structure functions and their application to toy models

Our primary statistic for analysis is the structure function. The structure function of order p, relating to
a quantity x (for example density or velocity), is defined

Sp(€) = (0x(r, £)") = (Jz(r) — 2(r + £)]"). (5)

19



The quantity ox(r, £) represents the absolute difference in the quantity x measured between two
locations separated by £. The structure function, S,(£), averages this quantity (raised to the pth power,
the order) over all locations (indicated by the angle brackets). The order of the structure function
can be directly related to physical quantities. In the case of the velocity structure function, the first
order structure function, S, gives an indication of the magnitude of the relative velocity measured
throughout a flow on different spatial scales. The second order velocity structure function, .S, is
proportional to the kinetic energy within the flow.

The scale-free behaviour of density and velocity fluctuations in turbulent flows, i.e. (dz(r, £)P) o
£, means that the structure function is commonly used in the characterisation of interstellar turbu-
lence.”™® Structure functions have also been employed in the analysis of time-series data.”® ' A
useful property of the structure function is that it is sensitive to periodicity in data.'’!192 The structure
function of a periodic quantity will show minima located at the wavelength of the function, as well as
at integer multiples of that wavelength, which we demonstrate below. This makes structure functions
sensitive to spatial periodicity generated by instabilities.>!° In the following sections we devise a
series of toy models to help describe the behaviour of the structure function and its defining qualities.

The theoretical formulation of structure functions is based on their application to the density
and velocity fields of the fluids, but we are applying the same tools to observational estimators of
emission and line centroid velocity. These are not direct estimators of the underlying fluid fields
though observational studies frequently treat them as such. However, since the velocity centroid is an
emission weighted estimate of the velocity field, features in the structure function may be altered by
the interaction between the velocity and the density fields. In essence, the velocity field is sampled
by the density field and the sampling could potentially alter the inferred structure function. Similarly,
instrumental noise may influence the slope of the structure function. Such effects are seen in slopes of
power spectrum studies,’® but it is not clear whether they will bias the recovered scales in the structure
function. We evaluate some of these effects in the following sections.

1-D models

1-D Gaussian peaks. Here we investigate the behaviour of the structure function when applied in
1-D to a series of Gaussian peaks. One may think of this toy model as an analogy to the 1-D density
structure of a series of regularly-spaced molecular clouds along a spiral arm or pre-stellar cores along
a filament. Our fiducial model is displayed in the upper left panel of Supplementary Figure 1 and
consists of 10 Gaussians of equal amplitude and width with equidistant spacing. In the upper right
panel is the corresponding second order (p = 2) structure function. The structure function rises to a
point of maximum variance after which there is a sharp drop. This drop in S5 highlights the separation
between Gaussians in the fiducial model, and can be identified in the upper right panel as the first of
the minima, occurring at small scales and highlighted by the black circle. The additional minima are
located at integer multiples of this spacing (red circles).

In the remaining panels of Supplementary Figure 1 we highlight the effect of varying the amplitude
(upper centre), dispersion (lower centre), and both amplitude and dispersion (bottom) of the Gaussians
on the structure function. In each case we keep the spacing between Gaussians fixed at a value of 1.0
(the units are arbitrary), equivalent to that in the fiducial model. In the case of amplitude variation,
and where we vary both the amplitude and the width, we allow the amplitude of each Gaussian to
vary independently and randomly over the range 0.1 — 1.0. Where the width is modified, we allow
the dispersion of each Gaussian to vary independently and randomly over the range 0.02 — 0.4 (the
fiducial value is 0.1). We then produce 1000 models and estimate the structure function in all cases
(individual lines in each right hand panel). The structure function denoted with the thick line represents
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the average of all experiments in each panel. We identify the location of the first minimum in each
of the 1000 cases and find mean values of 1.0, 1.0, and 1.25, respectively. Note that the discrepancy
between the latter model and the input spacing is due to the detection of higher order multiples as the
“first minimum”, which is caused by the combination of varying amplitude and width. The median
value is 1.0 in all cases. We conclude that neither amplitude nor dispersion variations have a strong
effect on the structure functions’ ability to emphasise periodicity, if it exists.

In Supplementary Figure 2 we investigate the effect of adding noise to the location of the Gaussians
in the fiducial model. In the examples shown in Supplementary Figure 2 we keep the amplitude and
the width of the Gaussians fixed. In the top, centre, and bottom panels we allow the position of each
Gaussian to vary with respect to its original location in the fiducial model by £10%, +25%, and
£75% x the fiducial spacing (= 1.0). We find median locations for the minima (interquartile ranges;
IQR) of 1.01(0.03), 1.03(0.18), 1.16(0.61), respectively. Varying the amplitude (between 0.1 — 1.0)
in addition to the position returns 1.01(0.03), 1.03(0.26), 1.16(0.61). Varying the width (between
0.02 — 0.4) in addition to the position returns 1.01(0.05), 1.05(0.91), 1.97(1.26). Finally, varying
amplitude, width, and the position returns 1.00(0.08), 1.26(1.53), 2.03(1.37). This analysis indicates
that having a variable width in addition to variable position leads to a decreasing likelihood that the
fiducial spacing will be identified, which is reflected in the flattening of the structure function displayed
in the bottom right panel of Supplementary Figure 2. The reason for this flattening is that the noise
in the location of the Gaussians in the latter model is so large that either no periodicity exists or that
the periodicity simply differs from that in the fiducial case (with moderate noise, +=25%, the input
periodicity is still recoverable). This latter point is important. The fact that the fiducial spacing cannot
be identified in the bottom right panel of Supplementary Figure 2 is not a reflection on the structure
function’s ability to determine periodicity more generally. If periodicity exists within data, even if it is
generated randomly, it will be seen as an oscillation in the structure function. The bottom right panel
of Supplementary Figure 2 should instead serve as a demonstration that care should be taken when
interpreting the physical origins of periodicity in real data (cf. Ref. 103).

1-D sine wave. Here we investigate the behaviour of the structure function when applied in 1-D to a
sine wave. We use this in analogy to the centroid velocity field extracted using spectral decomposition.
Our fiducial model is displayed in the upper left panel of Supplementary Figure 3. The fiducial model
is a sine wave with amplitude and wavelength of 1.0 (again with arbitrary units). The corresponding
structure function is shown in the upper right panel and displays a pronounced minimum at the input
wavelength of the fiducial model and further minima located at integer multiples of the wavelength.

In the lower panels of Supplementary Figure 3 we investigate the effect of irregularity in the
amplitude and wavelength of the model on the structure function. To achieve this, we generate n
independent sine waves of randomly varying amplitudes and/or wavelengths. We then cut the initial
peak of each independent sine wave and stitch these together to form a single coherent toy model with
randomly varying properties. In the upper centre, lower centre, and bottom panels we demonstrate
the effect of a variable amplitude, wavelength, and both amplitude and wavelength). In the case of
amplitude variation, and where we vary both the amplitude and the wavelength, we allow the amplitude
to vary independently and randomly over the range 0.25 — 1.5 (the fiducial value is 1.0). Where the
wavelength is modified we allow it to vary independently and randomly over the range 0.5 — 1.5 (the
fiducial value is 1.0).

The effect on the structure function for each model is displayed in the right hand panels. Here we
have performed each experiment a total of 1000 times. The overall effect of the amplitude variation is
to reduce the magnitude of the identified dip. For the other two cases, the location of the dip moves
(as expected for a variable wavelength). This has the effect of ‘blurring’ or ‘smearing’ the structure
function. However, a pronounced dip remains evident with a median location of 1.0. These experiments,
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although idealised, clearly demonstrate the sensitivity of the structure function to periodicity.

2-D models

We use mock data to explore the extent to which scales recovered by structure function analysis are
affected by using observational estimators of the density and velocity fields, namely the brightness
and velocity centroid. We create mock density and velocity fields with a power-law power spectrum
of fluctuations P(k) o k* and random phase over a periodic volume. From these mock density and
velocity fields, we generate mock column density and velocity centroid maps and calculate the structure
function for these mock data assuming the emission is optically thin (model ‘a’). We optionally amplify
the power spectrum of either the density or velocity spectrum in a range of wave numbers corresponding
to injecting structure on a fixed scale. We are particularly interested in: i) whether a characteristic
scale in the density will create an apparent scale in the velocity centroid even if there is no associated
scale in the velocity field (model ‘b’); ii) whether a characteristic scale in the velocity field will create
an apparent characteristic scale in the column density (model ‘c’); iii) whether the structure function
applied to observed data can recover (potentially different) scales in the velocity and density fields in
their corresponding velocity centroid and column density maps (models ‘d’ and ‘e’). These models are
presented in Supplementary Figure 4.

In all these tests, we find that the characteristic scales recovered by the structure function are not
biased by applying it to observational estimators rather than the underlying fields, even though the
slopes of the structure functions can be affected by the interplay between the density and velocity fields.
We note that these are simple mock data models without underlying physical basis and no treatment of
excitation conditions or optical depth effects. However, they do not show that using the observational
estimators is fundamentally flawed.

The impact of noise

Instrumental noise introduces measurement uncertainties and spurious fluctuations in the emission
extracted from p-p-v-data cubes. These fluctuations have the potential to reduce the magnitude of any
correlations present in the data.'*

To evaluate the impact of noise on the structure function and the recovered scales, we introduce
Gaussian noise to the models discussed in the previous sections. First, we create a simple 1-D model
describing periodic Gaussian emission features. To this model we add a small amount of noise to the
spacing of each Gaussian (of the order 5% of the fiducial spacing of 1.0). We allow the amplitude of
each Gaussian to vary randomly between 0.3 — 1.0, and we allow the width of each Gaussian to vary
randomly between 0.05 — 0.3. This ensures that there exists some uncertainty in the periodicity of the
Gaussian features (cf. Supplementary Figure 1 and Supplementary Figure 2). Second, we evaluate
the effect of noise on the structure function computed for the moment O map of model A (in 2-D)
described above (see the top left panel in Supplementary Figure 4). In both the 1-D and 2-D cases, we
add Gaussian noise with a mean of 0.0 but with increasing dispersion. We increase the dispersion from
0.0 to (I) in steps of 0.1 x (I), where (I) represents the mean signal in the model. The presence of
noise will change the measured slope of the structure function estimator.

The results of this analysis are shown in the top panels of Supplementary Figure 5. In general we
see that the structure function tends to flatten as a function of increasing noise level. This makes sense
since the structure function of pure white noise is flat. In the case where periodicity is evident, the
location of the minimum in each model tends to larger values with increasing noise. The locations
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of the minima increase from 1.07703" to 1.1715:3%. The uncertainty here represents the extent of the

full-width at half-minimum of each local minimum. In general these results demonstrate that while
the slope of the structure function is affected by noise, the location of the identified minima are less
susceptible to increasing noise levels.

Given the influence noise has on the profile of the structure function, it is worthwhile exploring
whether we are able to correct our observed structure functions for the effects of instrumental noise.
To do this, we follow the formalism outlined in Refs.104—-106. The correction to the structure function
can be deduced by first considering its relationship to the autocorrelation function. The autocorrelation
function of an arbitrary field is given by

C€) = (x(r)z(r + £)), (6)

where the angle brackets denote averaging over all points separated by a lag, £. The autocorrelation
function is often used in normalised form,'**!% which we will denote C' = C(¢)/C(0) (where C(0)
represents the autocorrelation measured at £ = 0), to differentiate it from the form presented in
Equation 6.

The second order (p = 2) structure function presented in Equation 1 can be related to the autocor-
relation function by

Sa(€) = ((x(r))") + ((z(r + £))*) — 2{x(r)z(r + £)). @)

The term on the right is simply the autocorrelation function. For a statistically homogeneous and
isotropic field, ((z(r))?) =~ {((z(r + £))?) =~ ((z)?), which is simply the autocorrelation function
measured at zero-lag, C'(0). Hence

S2(€) = 2[{(x)*) — C(€)] = 2[C(0) — C(£)] (3)

The effect of noise on the structure function is demonstrated in the top panels of Supplementary
Figure 5. The effect of noise is most prominent at small lags, leading to the flattening of the structure
function. To explore how this behaviour may be compensated for, we denote by z(r) and z/(r) the
arbitrary field measured in the presence and absence of noise, respectively. If the uncertainty in the
measurement is denoted dx(r) then we can write

z(r) = 2'(r) + dz(r). ©)

Expressing the autocorrelation function presented in Equation 6 in terms of the noise-free measure-
ments

C(£) = ({[2'(r) + dx(r)][2'(r + £) + dz(r + £)]). (10)
and by expanding we find
C£) =C'(€) + C,(€) + (2'(r)dz(r + €) + o' (r + £)dz(r)). (11)

Here, the first two terms represent the autocorrelation functions of the noise-free field and the noise
itself, respectively. The terms in the angle brackets represent the correlations between signal and noise.
For random, Gaussian noise we can assume that the signal and noise are uncorrelated and treat this
term as zero,'%° thus

C(8) = C'(8) + C, (L), (12)
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Since Gaussian noise is uncorrelated and has zero mean ((dz(r)) = 0), it follows that

{03 for£ =0

Cu() = (13)

0 forl+#0

where o2 represents the variance of the noise. Combining this information we can see that for non-zero
lags, the autocorrelation function remains unchanged by Gaussian noise

C(e)=C'(e), forl#0. (14)
However, at zero lag

C(0) = C'(0) + o2, for£ =0. (15)

n’

The equation for the noise-free structure function of a statistically homogeneous and isotropic field
is

Sy(£) = 2[C"(0) = (). (16)

With the knowledge that C'(€) = C’(£) and C'(0) = C'(0) — o2 at non-zero and zero lags, respectively,
we can write

S5(£) = 2[C(0) — C(€) — a7], (17)
and hence
S5(€) = Sa(€) — 207, (18)

which is equivalent to the result presented in Ref. 105 (although Ref. 105 present the result for the
normalised structure function).

In the top panels of Supplementary Figure 6 we show noise-corrected structure functions according
to Equation 18. At large lags we find that this simple correction does an adequate job of removing the
noise from the structure function. At small lags the correction is imperfect where the magnitude of
the structure function is comparable to the variance of the noise. The impact of the noise is therefore
evident at greater lags for higher noise levels. In principle, one can also derive

S5(€) = S2(£) — Sa.n(£), (19)

which represents subtracting the structure function of the noise. Observational data will usually have
spatial correlations from the beam and scanning effects that will more accurately be accounted for
by subtracting the structure function of the noise (which can be computed using Equation 1). We
display the results using this method in the bottom panels of Supplementary Figure 6. This modelling
demonstrates that the profile of the structure function can be returned with an accurate measurement of
the underlying noise distribution.

Summary of the results and physical interpretation

Our key observational findings are as follows. First, we identify ubiquitous velocity fluctuations
throughout the molecular interstellar medium. Second, while the velocity fluctuations observed
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throughout our selected GMCs are scale-free and without a singular orientation, this is not the case
in all regions. Along the crests of the filamentary sub-regions selected in this study, the observed
velocity fluctuations oscillate with characteristic wavelengths. Third, in the regions where regular
velocity oscillations are detected, correlated periodicity is evident in the density structure of the ISM.
In these regions, the separation between regularly-spaced density enhancements agrees (within the
uncertainties) with the characteristic wavelength of the oscillations detected in velocity. Here we
describe the key information which provides the bases for our physical interpretation of the results.

Origins of the periodic density fluctuations

The separation between density enhancements is well-resolved in each environment. In the spiral arm,
the CMZ gas stream, and the GMC filament, the physical separation between density enhancements
corresponds to around 3, 5 (18 for the second minimum), and 5 resolution elements, respectively (see
Observations and data in Methods). Further, the derived separation between the molecular cloud
complexes traced by CO (2 — 1) emission in the spiral arm of NGC 4321 (366™55 pc) agrees with the
spacing of 410 pc, derived independently, using tracers of embedded star formation in Ref. 14. Our
value is also close to the separation extracted in Ref. 107 (24833 pc), where the PHANGS-ALMA CO
(2 — 1) data is also used. The main difference between our derived separation and that presented in
this latter study is that Ref. 107 do not focus exclusively on spiral structure. Instead, their structure
identification is performed over the entire field of view of the PHANGS-ALMA data. Similarly, the
minimum located at 21.8f2:§ pc in the density structure function of the CMZ gas stream, measured
using Herschel observations (Figure 2d), agrees with the minimum in the independently-derived
velocity structure function (22.072-3 pc), measured using NoH™ (1 — 0) observations from Mopra
(discussed below in Origins of the periodic velocity fluctuations). These independent measurements
lead us to conclude that the density enhancements within our selected sub-regions exhibit well-defined
separation scales.

The regular spacing of density enhancements detected in our observations is akin to structure
observed in the discs of spiral galaxies, in which periodically-spaced star-forming regions have been
analogously compared to ‘beads on a string’.> !9 This periodicity has been noted both in direct tracers
of star formation,® 419111 a5 well as in molecular gas.''> Analogously, on small scales, both dust
continuum?® 3116 and molecular line observations'®-!'7-!!8 of molecular clouds in the Milky Way
have revealed quasi-periodically spaced chains of dense clumps and pre-stellar cores along the crests
of dense filaments.

The quasi-periodicity of such density enhancements are often discussed in the context of gravi-
tational instabilities, with numerical work showing that sinusoidal perturbations in density along an
infinitely long isothermal cylinder with wavelengths exceeding some critical value will produce an
instability in the medium.!" The critical perturbation length scale, in the absence of a magnetic field, is
Ao = 3.94(2¢2 /7Gp)°5, where ¢, is the thermal sound speed and p the gas density. These perturbations
will fragment a cylinder into regularly-spaced density enhancements where the separation is given by
the wavelength of the fastest growing unstable mode, which is approximately twice that of the critical
wavelength®® \ = 22H = 22¢,/(47Gp)%5 (where H is the isothermal scale height of the filament), or
roughly 4 times the filament diameter.?! The corresponding timescale for the growth of the instability
ist= 2.95(47Gp)~05.

On the smallest scales in our study, we show that the periodicity of pre-stellar cores in our GMC
filament is of the order 3 times the deconvolved filament diameter (see Analysis of filamentary
structures in Methods), consistent with the above framework. We can also turn this question around
and ask: what would be the expected central density of a filament required to produce our observed
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periodic spacing of 0.32 pc? If we assume a sound speed of 0.27 km s~! (relevant for cold molecular
gas at a temperature of 20 K), we derive a central density and growth timescale of 10° cm ™ and
0.15 Myr, respectively (note that using our mean measured velocity dispersion of ~ 0.3km s™*
changes the central density by < 30%). This density is consistent with the estimated number density
of star-forming cores within the cloud®® and with the density of other high-mass filaments observed
with similar spatial resolution.'?* ! The consistency between the observed periodicity relative to the
filament diameter, as well as between the model predicted central density of the filament and that
expect for dense filaments in IRDCs, indicates that the observed structure may be the direct result of
gravitational instabilities.

What about the larger-scale periodic features detected in our observations? Applying the aforemen-
tioned framework to the spiral arm of NGC 4321 and the CMZ gas stream is less trivial. The simplistic
model outlined above, which describes the gravitational fragmentation of an isolated cylindrical fila-
ment in hydrostatic equilibrium, does not capture the important effects of shear and magnetic fields.
Despite this, a key finding, detected in observations®'*!!! and further evident in numerical simulations
of galaxy discs,?!?> 123 is that the separation of star-forming complexes situated along spiral arms
is of the order a few times the diameter of their parent filament. This is qualitatively similar to the
periodicity sometimes observed in local filaments (see above), albeit on much larger scales, and is
consistent with the separation predicted by the simple model described above.

Why is it therefore, that the simplistic model of a fragmenting cylinder may serve as a reasonable
approximation for describing the observed ‘beads on a string” morphology of star-forming complexes
in nearby galaxy discs? One explanation is that the low levels of shear in the dense inner regions
of spiral arms (also in galactic nuclei), and the subsequent reduction of stabilising Coriolis forces,
is conducive to the development of instabilities.?*'?>!2* Another explanation is that the presence of
a magnetic field may actively promote the destabilisation of the gas by opposing the Coriolis force,
transferring angular momentum away from growing condensations.?” 212> Whatever the source of
the reduced shear, so long as it is efficiently reduced (cf. Ref. 126), the development of gravitational
instabilities in the azimuthal direction becomes comparable, modulo a modification of the growth
time, to the non-magnetic, non-rotating case.'>*'?” Once initiated, these instabilities are capable of
driving the formation of periodic density enhancements,'?> 12128 the characteristic spacing of which is
broadly consistent with that predicted by the simplistic model described above and, crucially, with the
observations.* 4

The periodic structure evident in our observations of the spiral arm of NGC 4321 and the CMZ
gas stream is consistent with this picture. The derived periodicity in these environments corresponds
to 3 and 5 times the beam-deconvolved diameter of the respective parent structure (see Analysis of
filamentary structures in Methods). We conclude from this discussion that gravitational instabilities
represent a plausible source of the periodic structure identified in this study, and furthermore speculate
that the development of gravitational instabilities across multiple scales in the ISM may be a critical
(though not exclusive) ingredient for the formation of dense star-forming gas.

Origins of the periodic velocity fluctuations

Our toy models demonstrate that the characteristic scales recovered by the structure function are not
biased by applying it to observational estimators rather than the underlying density and velocity fields
(see 2-D models above). Although simplistic, these models show that periodic fluctuations evident
in the density field do not necessarily create an apparent and correlated characteristic scale in the
observed velocity centroid, even if there is no associated scale present in the true velocity field. These
factors give us confidence that the correlated periodicity between density and velocity is not simply
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an artefact of the fact that our spectral decomposition only probes observational estimators of the
true underlying density and velocity fields. Similar features observed in both low-mass''®!?° and
high-mass'? filaments, using independent tracers of gas column-density and centroid velocity (see also
the CMZ data presented in this work), instead points to a dynamical origin of the velocity oscillations,
strengthening our argument that such motions may be a common feature of the molecular ISM on all
scales (Figure 1).

What is the underlying physical mechanism driving the observed periodic velocity oscillations? In
the previous section we demonstrated the plausibility that gravitational instabilities may create periodic
density fluctuations along the crests of our filamentary structures. Our findings now extend this result
by showing that the separation-to-diameter ratio in the velocity structure of the ISM matches that of
the density enhancements. To assess whether the velocity oscillations are the result of converging
flows towards the periodic density enhancements, as would be the case for gravitational contraction,
in Extended Data Figure 4 we compare our density proxy (coloured lines) in each region with the
normalised velocity differential (black line). If the inferred gas motions are the result of gravitational
collapse, we would expect that the locations of density enhancements coincide with extrema in the
velocity gradient.?”- 13!

The physical interpretation of the observed gas flows can be further inferred from the phase shift
between the density and velocity fluctuations (see Analysis of filamentary structures in Methods). If
there is no phase difference between the density and velocity fluctuations, this indicates that density
enhancements are located at extrema in the measured velocity, and therefore close to where the velocity
gradient is zero. Similarly, a phase shift of \/2 indicates that density enhancements are situated at
either positive or negative extrema in velocity (but not both), and are again located where the velocity
gradient is close to zero. Convergent motion is therefore characterised by a small, but non-zero,
phase shift between density and velocity, indicating that the density enhancements are located close to
extrema in the velocity gradient.

Extended Data Figure 4 shows that there exists a spatial correlation between the centres of mass of
the periodic density enhancements and non-zero values of the velocity differential in both the CMZ
gas stream (panel ‘b’) and the GMC filament (panel ‘c’).

It is worth noting that in Extended Data Figure 4b we show the density field in the CMZ as traced
by NoH™ (1 — 0) emission. As pointed out in Ref. 13, many of the column-density peaks identified
in the Herschel data of the CMZ are situated close to velocity extrema (both blue and red-shifted),
where the velocity differential is close to zero. This indicates that density peaks are more or less
half-spaced along the velocity oscillation, which is reflected in the small phase difference between
density and velocity of 2.7 4= 2.9 pc measured via the cross-correlation (see Analysis of filamentary
structures in Methods). However, an important observation, revealed by our subsequent analysis, is
that the structure function of the column-density shows a minimum located at 21.8"2-5 pc, very close
to the location of the minimum in the independently-measured velocity structure function (22.0733 pc).
This was not captured in the analysis of Ref. 13, who focussed exclusively on the nearest-neighbour

separations of the column density peaks (which gives rise to the first minimum located at 6.070 5 pc).

If we instead focus on the NoH™ (1 — 0) emission, the peaks located at around 20 pc, 40 pc, and
75 pc in Extended Data Figure 4b are coincident with extrema in the velocity gradient measured
along the crest of the stream. Revisiting the column density profile along the gas stream presented
in Extended Data Figure 3c, we see that the column density peaks are gathered in groups which
correlate with the locations of the NoH™ (1 — 0) peaks. We therefore propose that the gas stream
has first fragmented into clumps with a separation of around 20 pc (roughly 5 times the diameter of
the CMZ gas stream; see Table 1 and Origins of the periodic density fluctuations), and it is these
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density enhancements, detected as peaks in NoH™ (1 — 0) emission, which are associated with the
observed velocity fluctuations. The impact of this fragmentation remains evident in the higher angular
resolution Herschel column density data, which shows groupings of molecular clouds (Extended Data
Figure 3c), the signature of which appears as a minimum in the structure function located at 21.8 25 pc
(Figure 2d). These clumps may have then fragmented on smaller scales, akin to the nested modes of
fragmentation recently detected on smaller scales in e.g. Orion,'*? which is evidenced by the minimum

in the structure function located at 6.070§ pc (Figure 2d).

The relationship between density and the velocity differential in the spiral arm of NGC 4321 is
notably different (Extended Data Figure 4a). Although the CO peaks located at around 350 pc and
4125 pc have a velocity profile consistent with what we would intuitively expect for longitudinal
gravitational collapse (i.e. density peaks coincident with an extremum in the velocity gradient), this
is not typical of this system. Rather, many of the CO peaks evident in Extended Data Figure 4a
are located where the velocity gradient is close to zero. Furthermore, many of the CO peaks align
with locations where the velocity gradient is rising from negative to positive values as a function of
increasing distance along the arm (see peaks at around 750 pc, 1000 pc, 2000 pc, 2375 pc, 2750 pc, and
3375 pc), indicating that the peaks are almost all blue-shifted with respect to the galactic average at
this location. This observation is consistent with the \, /2 phase difference measured between density
and velocity (191 4 62 pc; see Analysis of filamentary structures in Methods).

We interpret the systematic blue-shift of the CO peaks as the result of bulk motion in the gas
arising from a combination of spiral streaming motions and gravitational torque-driven radial inflow.
The region selected for our study is located within the corotation radius of the spiral pattern (7.1-9.1
kpc?!13%) and situated on the receding side of the galaxy, which is rotating in the anti-clockwise
direction. Given the alignment of the southern arm portion with respect to the line of sight, the radially
inward component of gas motion approaching the underlying spiral potential would lead to a systematic
blue-shift of velocities at all locations along this portion of the arm. Radial inflow motions driven
by negative gravitational torques expected inside corotation would also contribute to the blue-shift.
The magnitude of the velocity oscillations (of the order 5 km s~! but up to 10 km s~*; Extended Data
Figure 3b) is consistent with the magnitude of the velocity fluctuations observed more broadly on
< 500 pc scales throughout the PHANGS-ALMA survey of nearby galaxies (detected as superposed
fluctuations on galactic rotation curves®’).

We conclude from this discussion that the periodic velocity oscillations are likely the result of
convergent motion, either longitudinal convergence as in the case of the CMZ and the GMC filament,
or radial convergence as in the case of the spiral arm of NGC 4321.

Origins of scale-free density and velocity fluctuations

In contrast to the periodicity described above, the density and velocity fluctuations observed throughout
both of our selected GMCs do not show any characteristic scale. This is evident from the power-law
scaling of the structure functions (see Figure 2b, e, and Analysis of multi-dimensional structures in
Methods).

We can relate our structure function of velocity, (§v?) oc £, to the more commonly measured
velocity dispersion-size relationship, 0v o £7, where v = (/p and p = 2, for the second-order
structure function. For the GMCs in the Galactic disc and the CMZ we find v = 0.41 £ 0.01 and
0.37 £ 0.01, respectively. These are slightly lower than the mean Galactic velocity dispersion-size
relationship scaling exponent of about 0.5,% although they comfortably fall within the distribution of
measured values.?
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The observed scale-free behaviour of our measured density and velocity fluctuations is reminiscent
of the gas structure generated by interstellar turbulence.!**'*> Indeed, a velocity dispersion-size
scaling exponent of around 0.5 is often cited as evidence for compressible turbulent flows in molecular
clouds.?® However, the observed scaling between velocity fluctuations and spatial scale has a number
of (mutually exclusive) interpretations. It has been cited as evidence for the global virialisation of
molecular clouds'*® as well as the global collapse of clouds,'?’ in addition to the universality of
supersonic turbulence.*

A further source of uncertainty is that our spectral decomposition is sensitive only to observational
estimators of the true underlying density and velocity fields. Although we are confident that the readily
distinguishable gas in the CMZ!*!! and the separation of our Galactic disc GMC from the tangent
point velocity” help to mitigate the impact of velocity crowding in these sources (see Data selection
for statistical analysis in Methods), the fact that velocity centroids extracted from p-p-v data cubes do
not exclusively trace velocity, but a complex convolution of density, velocity, and excitation, remains.’®
This unavoidable source of uncertainty means that the exact quantitative details of the structure function
scaling derived in this study should be interpreted with a degree of caution. Nevertheless, we are
confident that the velocity fluctuations detected throughout our selected GMCs exhibit no discernible
characteristic scale (see 2-D models).

More detailed future examination of the velocity centroids’® %% 13 may help to determine the exact

origin of the observed velocity fluctuations. Expanding on our study of the anisotropy in the scaling of
the velocity structure functions may also help in this regard. Although we find tentative evidence for
directional anisotropy in our selected GMC in the CMZ, no such trend is evident in our Galactic disc
GMC (see Analysis of multi-dimensional structures in Methods). Further investigation is therefore
required to determine if the anisotropy in the scaling of our velocity structure functions in our selected
GMC in the CMZ can be related to, for example, the orientation of shock fronts®® or magnetic field
linCS.l4O’ 141

Supplementary movies

We provide Supplementary Videos of the p-p-v decomposition of the data shown in Figure 1. We also
provide p-v representations of the same data. These videos clearly highlight the velocity fluctuations
evident throughout each environment. Note that the p-v representation of the Galactic disc includes the
entire decomposition of the GRS data set.”” This video demonstrates that the fluctuations are evident
across the entire region of the Galactic disc probed by the GRS, and not just the region selected for our
study.
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Supplementary Figure 1 | Gaussian toy models and their structure function response. The left panels are
example cases of toy models analogously representing the density field of regularly-spaced molecular clouds
or cores embedded within a spiral arm or filament, respectively. The right hand panels display the structure
function of the models on the left. The top panels reflect our fiducial model, 10 equidistant Gaussian peaks with
equal amplitude and width. The black circle centred on the first minimum in the top-right panel is located at
a lag corresponding to the separation of the Gaussians. The remaining red circles indicate integer multiples
of this value. In the remaining panels, from top to bottom we vary the amplitude, width, and both amplitude
and width. The narrow individual lines in the right-hand panels correspond to individual structure functions for
1000 realisations of randomly varying the properties of the Gaussians. The thick line corresponds to the average
structure function. The vertical dashed line in each panel represents the median location of the identified minima.
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Supplementary Figure 2 | Investigating the effect of adding noise to the spacing. In this figure we illustrate
the effect of adding noise to the spacing of the individual Gaussian components in the fiducial model displayed
in Supplementary Figure 1. From top to bottom we allow the position of each Gaussian to vary by +10%, 25%,
and 75% of the fiducial spacing. The right hand panel shows the structure function response. The thick and thin
lines have equivalent meaning to those presented in Supplementary Figure 1. The vertical dashed line in each
panel represents the median location of the identified minima (see Structure functions and their application
to toy models). Note that removing integer multiples of the true spacing becomes more difficult as the variation
in the locations of the peaks increases and so the location of the minimum begins to diverge from the fiducial
spacing.
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Supplementary Figure 3 | Sinusoidal toy models and their structure function response. The left panels
are example cases of toy models analogously representing a fluctuating velocity field extracted using spectral
decomposition. The right hand panels display the structure function of the models on the left. The top panels
reflect our fiducial model, a sine wave with fixed amplitude and wavelength. In the remaining panels, from top
to bottom we vary the amplitude, wavelength, and both amplitude and wavelength. The narrow individual lines
in the right-hand panels correspond to individual structure functions for 1000 realisations of randomly varying
the properties of the signal. The black circle centred on the first minimum in the top-right panel is located at a
lag corresponding to the wavelength of the sinusoid. The following red circles indicate integer multiples of this
value. The vertical dashed line in each panel represents the median location of the identified minima.
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Supplementary Figure 4 | Exploring potential sources of bias in using observational estimators. Mock
column density (moment O; left panels) and velocity centroid (moment 1; centre panels) maps and their
corresponding structure functions (in black and red, respectively; right panels). Model ‘a’ shows the fiducial
case: column density and centroid velocity maps generated from density and velocity fields with a power-law
power spectrum of fluctuations and a random phase over a periodic volume. In model ‘b’, we amplify the power
spectrum of density in a range of wave numbers, thereby injecting structure at a fixed scale. In model ‘c’, we
do the same but for the velocity power spectrum. In model ‘d’, we inject structure at the same fixed scale in
both density and velocity. Finally, in model ‘e’, we inject density and velocity structure on different scales.
These tests show that the characteristic scales recovered by the structure function are not biased by applying it to
observational estimators of the underlying density and velocity fields.
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Supplementary Figure 5 | Testing the impact of noise on the structure function. Left: Structure functions
computed for 1-D models of quasi-periodic Gaussian features, with varying amplitudes and widths. The circles
indicate the locations of the minima, corresponding to the periodicity of the Gaussian peaks identified in each
case. Right: Structure functions computed for a 2-D synthetic column density map generated from a power-law
distribution of density fluctuations. In each case, the structure functions from dark to light show the impact of
increasing levels of white noise (the black structure function corresponds to the noise-free case). The maximum
noise level in each has a standard deviation equivalent to the mean of the signal in the model.
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Supplementary Figure 6 | Noise-corrected structure functions. Top panels: Noise-corrected structure func-
tions according to Equation 18. Bottom panels: Noise-corrected structure functions after subtracting the structure
function of the noise as in Equation 19. The left and right panels correspond to the 1-D and 2-D models,
respectively. Colours have equivalent meaning to those in Supplementary Figure 5.
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