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Abstract

Owing to their intricate variable density architecture, and as a principal site of star formation, molecular clouds
represent one of the most functionally signi! cant, yet least understood features of our universe. To unravel the
intrinsic structural complexity of molecular clouds, here we leverage the power of high-resolution bitmap-based
three-dimensional(3D) printing, which provides the opportunity to visualize astrophysical structures in a way that
uniquely taps into the human brain!s ability to recognize patterns suppressed in 2D representations. Using a new
suite of nine simulations, each representing different physical extremes in the turbulent interstellar medium, as our
source data, our work" ow permits the unambiguous visualization of features in the 3D-printed models, such as
quasi-planar structures, that are frequently obscured in traditional renderings and animations. Our bitmap-based 3D
printing approach thus faithfully reproduces the subtle density gradient distribution within molecular clouds in a
tangible, intuitive, and visually stunning manner. While laying the groundwork for the intuitive analysis of other
structurally complex astronomical data sets, our 3D-printed models also serve as valuable tools in educational and
public outreach endeavors.

Uni! ed Astronomy Thesaurus concepts:Interstellar medium(847); Giant molecular clouds(653); Astronomy data
visualization(1968)

1. Introduction

As a principal driver of galaxy evolution and the precondition
for planets, star formation is one of the most important
phenomena in the universe. Because it involves a wide range
of physical processes and operates over a broad range of spatial
and temporal scales, star formation within molecular clouds is
also one of the most poorly understood processes, and questions
regarding the details of these phenomena remain largely
unresolved(McKee & Ostriker2007; Krumholz et al.2019).
Thousands of these vast(20Ð100 pc), massive(104Ð106 Me )
complexes of gas and dust exist in the Milky Way, and they
contain most of the molecular mass in the Galaxy(Rice et al.
2016; Miville-Desch•nes et al.2017). Being composed primarily
of cold (! 15 K) molecular gas, they are best observed at longer
wavelengths. The earliest radio observations of molecular clouds
demonstrated that they exhibit a hierarchical density structure,
with clumps of gas at a wide range of size and column/ surface
density scales(e.g., Williams et al.2000). Moreover, molecular
clouds are threaded by networks of elongated, overdense
! laments, which are postulated to play an essential role in the
formation of cores and protostars(Molinari et al.2010; AndrŽ
et al.2014).

The clumpy and! lamentary structure of molecular clouds has
been observed in spectral line emission in radio and submilli-
meter bands, in dust extinction against background starlight at
optical and near-infrared wavelengths, and in dust emission at
far-infrared and submillimeter wavelengths(Figure1). A main
goal of such observations is to infer the volume density
distribution in these molecular clouds. Quantities that depend on
the volume density include the fraction of high-density gas,
which correlates with star formation rate(e.g., Lada et al.2010),
and the star formation ef! ciency, both key ingredients in models
and simulations attempting to understand the mechanisms of star
formation (e.g., Krumholz & McKee2005). But unlike other
molecular cloud properties that can be directly inferred from

two-dimensional maps, such as surface density and mass, the
volume density is fundamentally three-dimensional(3D) and
is subject to large observational uncertainties arising from
simplistic assumptions about the 3D geometry of the observed
objects, which likely introduce substantial bias and scatter in the
recovered quantities(Hu et al.2021).

Simulations have long been used to provide insight into the 3D
morphology of stellar nurseries, whose intricate structure bears the
imprint of the physics that leads to their formation and shapes
their evolution. Modern simulations are now at a level of
sophistication to include self-gravity, turbulence, and magnetic
! elds, the dominant physical processes that shape cloud
environments(e.g., Vazquez-Semadeni1994; Klessen & Burkert
2001; Banerjee et al.2006; Girichidis et al.2012; Federrath &
Klessen 2013). Even under a range of initial conditions,
simulations of the turbulent interstellar medium(ISM) have
successfully produced features bearing some resemblance to
observed! laments(e.g., Smith et al.2014; Kirk et al. 2015;
Federrath et al.2021). While there is general agreement that
supersonic turbulence leads to! lamentary structure and self-
gravity results in the further contraction of overdensities, it
remains uncertain how this substructure evolves and how it is tied
to the formation of stars.

Ultimately, our ability to fully explore information available
in observed and simulated data is limited by the tools we use to
represent them. Astronomy is fundamentally a visual science
and has long used data visualization to drive discovery and
communicate new knowledge. The rendering of 3D astro-
physical bodies is as old as cave art, with Huygen!s sketches of
Mars and modern simulations of the cosmic web following in
the age-old tradition of using visual representations to under-
stand natural phenomena. As technological advancements have
been accompanied by increases in the scale and complexity of
astronomical data, visualization of 3D data has been an area of
active innovation(e.g., Punzo et al.2015; Naiman et al.2017;
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GOALS

¥ Understand process 

¥ Create open source tools 

¥ Achieve commercial printing 

¥ Experiment with polishing 

¥ Produce example data



THE PRINTER

¥ Stratasys J850 Prime 

¥ Prints up to 49x39x20 cm 

¥ 7+1 Materials 
(e.g. transparent + WCMYK)  

¥ Wide range of materials 

¥ Price: ~250 000 !  

¥ Research Package
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THE PROCESS



COMMERCIAL PRINT



COMMERCIAL PRINT

Credit: ESO/Igor Chekalin



COMMERCIAL PRINT

~ 800 !   85 !  (material + polishing)8



THE PROCESS

print head

roller

UV lamps

photopolymer



THE PROCESS
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SOFTWARE:  LABELS & CO

Todo: optimize, solid shapes, improve dithering algorithm, É 
+ extend data set



SUMMARY

Listen to your students! !

Highly useful for teaching & outreach! 
(not completely useless for science either)

Ñ Available within ORIGINS Ñ

Interested? Get in touch!



Ñ SHOWCASE Ñ

Interested? Get in touch! til.birnstiel@lmu.de
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