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We are all in the gutter, but some 
of us are looking at the stars.

̶ Oscar Wilde (1854-1900)



1847

Sir�John�Frederick�William�
Herschel�

•bright�stars�in�south�
sky�inclined�with�the�
milk�way�equator�

1



1874

B.�A.�Gould�

•determined�the�
coordinates�

“On the Number and Distribution of the Bright Fixed Stars”

2 



1874

B.�A.�Gould�

•determined�the�
coordinates�

“On the Number and Distribution of the Bright Fixed Stars”

citations: 19

2 



1874

B.�A.�Gould�

•determined�the�
coordinates�

“On the Number and Distribution of the Bright Fixed Stars”

citations: 19
Herschel’s publication citations: 4452 



1919

Harlow�Shapley�

•the�close�(to�1�kpc)�bright�stars�form�a�
unique�separate�subsystem�—�Local�system�

•“From�a�modern�standpoint,�the�term�“Local�
system”�is�more�substantive,�……the�
presence�of�cold�atomic�HI,�molecular�H2,�
and�high�temperature�coronal�gas�and�dust.”�

Bobylev, 2014
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Major Cloud Catalog

Gould’s�Belt�show�off�as�a�ring�in�3D�map

Perrot & Grenier 2003

illustrating with improved distance
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•Supernova�explosion�

•Evolution�of�arm�

•High-v�cloud

How to form the Gould Belt?
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Gould’s�Belt�is�the�result�of�the�expansion�of�
extremely�hot�gas�

Supernova explosion
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Gould’s�Belt�is�the�result�of�the�expansion�of�
extremely�hot�gas�

Supernova explosion

Blaauw 1965


the distribution of 
the nearest OB 
associations

Рис. 2: The spatial distribution of nearby OB associations projected onto the galactic
plane. The circles denote the sizes of the associations. The residual velocity vectors relative
to the local standard of rest, free from the differential rotation of the Galaxy, are indicated.
This figure is taken from Ref. 42. The ellipse around the diffuse stellar cluster αPer
indicates the association Cas-Tau. The cloud of points is a schematic representation of
Olano’s model [44] of the Gould belt.

2.1.3 The Local system of stars, Supercluster, Supercomplex

According to Mineur [46,47], besides participating in the common galactic rotation, the
Local system of stars gives signs of rotating around a center that does not coincide with
the center of the Galaxy. This idea was examined with more extensive data by Shatsova
[48]. She found an intrinsic rotation of the Local system that was in the same direction
as the galactic rotation. Here the Local system was treated as the set of all nearby stars.
The problem of separating the ≈33000 stars of mixed spectral composition in the Boss
catalog into fractions (according to signs of participation in the galactic rotation) was not
addressed. Thus, as noted by Shatsova, her results were of a preliminary nature. The size
of the region of space being analyzed and specified by the Boss catalog was estimated to
be 300–350 kpc. The kinematics and dynamics of the Local system occupy a special place
in the book by Ogorodnikov [9].

Tsvetkov [49,50,51] undertook further study of the Local stellar system of stars based
on Shatsova’s equations. He showed, first of all, that the systematic errors in the GC,
N30, FK4, and FK5 catalogs did not lead to significant differences in the parameters of
the Local system. Second, with data from the HIPPARCOS catalog he obtained solutions
separately for groups of stars subdivided according to spectral class and to distance from
the sun. Ultimately, it was possible to localize the Local system on a Hertzsprung-Russell
diagram as a system of stars of spectral classes A-F in the Main sequence, formed near
the center, and lying in the l = 253◦ ÷ 9◦, b = −13◦ ÷ 9◦ direction at a distance of 180 pc
from the sun. The rotation is counter-clockwise, i.e., in a direction opposite to the galactic
rotation, with a period of about 140 million years in a plane inclined to the plane of the
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de Zeeuw et al. 1965

re-plot by Bobylev 20146 
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the model is not complete
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Olano 1982
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l0 = 131◦ , R0 = 166 pc
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Gould’s�Belt�is�the�result�of�the�expansion�of�
extremely�hot�gas�

Supernova explosion

Lindblad 2000; Bobylev 
2004, 2006 


intrinsic differential 
rotation 
ω0 = −24 km/s/kpc
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to the local standard of rest, free from the differential rotation of the Galaxy, are indicated.
This figure is taken from Ref. 42. The ellipse around the diffuse stellar cluster αPer
indicates the association Cas-Tau. The cloud of points is a schematic representation of
Olano’s model [44] of the Gould belt.
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Many�remained�problems:�

•older�associations�should�lie�further�from�center�than�
younger�ones,�but�not�observed�

•complex�of�molecular�clouds�in�Taurus�lies�inside�
the�expanding�ellipse�

•still�very�hard�to�explain�the�shape�of�Gould’s�Belt�-�
expansion�is�more�likely�from�a�line,�than�a�point�
center�

•……

Supernova explosion
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•A�gas�cloud�collide�with�a�spiral�density�wave�
of�Orion�arm.�The�central�regions�of�this�
parent�cloud�compressed�to�the�Gould�belt.

Evolution of arm

Olano 2001
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•A�High-v�cloud�beyond�galactic�plane�collide�
onto�it.�The�resulted�symmetric�gas�cloud�
elongates�into�an�ellipse.

High-v clouds

Lepin & G. Duvert 1994; Comeron & Torra 1992; Bekki 2009

Olano 2001
Bekki 2009
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A Galactic-scale gas wave in 
the Solar Neighborhood
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Radcliffe Wave!
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Radcliffe Wave!
* Radcliffe Institute for Advanced Study, Harvard University



Take home message
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The�authors�find�a�narrow�and�coherent�dense�
gas�structure,�disputing�the�Gould�Belt�model

 

 

 
 

 
 
Extended Data Table 3: Physical Properties of the Radcliffe Wave 

 
 

 

 

 

 

Table 2: Constraints on Radcliffe Wave Parameters

Parameter Median with 95% CI

x0 �910+130
�150 pc

y0 �860+140
�130 pc

z0 �30+80
�80 pc

x1 �270+80
�80 pc

y1 �20+160
�150 pc

z1 �10+30
�30 pc

x2 290+70
�70 pc

y2 1400+170
�170 pc

z2 30+50
�50 pc

Parameter Median with 95% CI

P 3560+500
�470 pc

A 160+30
�30 pc

� 2.89+0.51
�0.58 rad

� 0.50+0.27
�0.17

� 6.68+5.48
�3.20

� 62+16
�13 pc

f 0.22+0.07
�0.06

Table 3: Physical Properties of the Radcliffe Wave

Name Median with 95% CI

Length 2.7± 0.2 kpc

Scatter 60± 15 pc

Amplitude 160± 30 pc

Mass � 3⇥ 106 M�

19
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https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/radwave.html
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The�authors�find�a�narrow�and�coherent�dense�
gas�structure,�disputing�the�Gould�Belt�model

just�a�projection�effect

https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/radwave.html


•Pan-STARRS1�survey�-�photometry�

•Gaia�astrometric�survey�-�parallaxes�

Mapping the solar neighborhood
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Chambers et al. 2016

Brown et al. 2018



the posterior are then saved to construct marginalized 2D
posteriors in μ and AV.

3.2. Modeling the Line-of-sight Extinction

3.2.1. Basic Model

Our basic line-of-sight dust model is very similar to that of
Schlafly et al. (2014). First, we model the line-of-sight
extinction toward each cloud as being dominated by a single
thin dust screen at the cloud distance modulus μC. The total
extinction through the screen toward a single star i in the
sightline is parameterized as N×Ci, where Ci is the amplitude
of the reddening given by Planck at 353 GHz (Planck
Collaboration et al. 2014) toward star i multiplied by its typical
RV
i (see Section 3.1) and N is a normalization factor that

corrects for the overall scale difference between the Planck-
derived extinction and our per-star “Bayestar”-derived extinc-
tion (see Section 3.1).10

In addition to the bulk of the extinction associated with the
cloud, we also account for possible foreground extinction by
parameterizing it as a constant f. Together these three terms
parameterize the line-of-sight extinction profile AV(μ) for
individual stars through each sightline:
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m m
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=
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where, again, Ci is the Planck-based extinction toward each
star i.
If the extinction profile AV(μ) is parameterized by a =

{ }m f N, ,C and we had measured the distance modulus μ i and
extinction AV

i to each source, then the posterior distribution of
a would be given by
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assuming our measurements for each star i are independent and
some prior ( )ap over the cloud parameters. Unfortunately, we
do not have an exact measurement of μ i and AV

i for each star,
but rather a posterior estimate ( ∣ ˆ ˆ )m vmP A, ,V

i i . We thus do not
know precisely what distance or extinction that star actually
has, complicating this comparison.

Figure 2. Cartoon line-of-sight extinction profile demonstrating our basic thin dust-screen model. The mean extinction profile (solid red line) is defined by the free
parameters f (foreground cloud extinction), mc or DC (distance modulus/distance to the molecular cloud), and N (a normalization factor, fixed for all stars, that
accounts for any scale difference between the Planck-based extinction and our derived extinction; see Section 3.2). The quantity Ci constitutes the Planck-based
extinction for star i, modeled as the line-of-sight reddening from Planck toward the star times its R(V ). Possible extinction variation along the line of sight (shaded
blue) is modeled separately before and after the cloud. The resulting extinction profile is overlaid on an idealized 2D distance–extinction posterior for star i (grayscale
ellipsoid); this is akin to the distance–extinction posteriors shown in Figure 1. The likelihood contribution from this star is the integral following the cloud’s extinction
profile. This star’s likelihood would then be multiplied together with the likelihoods of other stars in the sightline to get the total likelihood of the cloud parameters.
See Section 3.2 for additional details.

10 This is a very simplistic parameterization of the extinction, given that
Planck actually measures the long-wavelength emissivity of dust, rather than
the extinction in optical bands. The Planck team derives τ353 by modeling the
dust emission with a modified blackbody and then converts τ353 to E(B − V )
using the correlation between the reddening of quasars and dust optical depth
along the same line of sight. We have built in our normalization factor N to
account for small errors in our extinction templates, so we expect this will have
no effect on our derived distances.

5

The Astrophysical Journal, 879:125 (20pp), 2019 July 10 Zucker et al.Mapping the solar neighborhood

Zucker & Speagle et al. 2019
Schlafly et al. 2014
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10 This is a very simplistic parameterization of the extinction, given that
Planck actually measures the long-wavelength emissivity of dust, rather than
the extinction in optical bands. The Planck team derives τ353 by modeling the
dust emission with a modified blackbody and then converts τ353 to E(B − V )
using the correlation between the reddening of quasars and dust optical depth
along the same line of sight. We have built in our normalization factor N to
account for small errors in our extinction templates, so we expect this will have
no effect on our derived distances.
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model�extinction�variation�before�and�after�cloud�separately
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extinction for star i, modeled as the line-of-sight reddening from Planck toward the star times its R(V ). Possible extinction variation along the line of sight (shaded
blue) is modeled separately before and after the cloud. The resulting extinction profile is overlaid on an idealized 2D distance–extinction posterior for star i (grayscale
ellipsoid); this is akin to the distance–extinction posteriors shown in Figure 1. The likelihood contribution from this star is the integral following the cloud’s extinction
profile. This star’s likelihood would then be multiplied together with the likelihoods of other stars in the sightline to get the total likelihood of the cloud parameters.
See Section 3.2 for additional details.

10 This is a very simplistic parameterization of the extinction, given that
Planck actually measures the long-wavelength emissivity of dust, rather than
the extinction in optical bands. The Planck team derives τ353 by modeling the
dust emission with a modified blackbody and then converts τ353 to E(B − V )
using the correlation between the reddening of quasars and dust optical depth
along the same line of sight. We have built in our normalization factor N to
account for small errors in our extinction templates, so we expect this will have
no effect on our derived distances.
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using the correlation between the reddening of quasars and dust optical depth
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Figure 1: Sky map of targeted star forming regions towards the anti-center of the Milky Way. The 
filled circles represent the studied lines of sight used to determine accurate distances to known 
nearby star-forming complexes (the regions labels are roughly proportional to distance). The open 
circles represent lines of sight toward lower column density envelopes between complexes. The 
background grayscale map shows the column density distribution derived from Planck data14.  
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View of Radcliffe Wave
 

 

 
Figure 2: 3-D distribution of local clouds. The position of the Sun is marked with a ⊙. The size of the 
symbols is proportional to column density. The red points were selected by a fitting algorithm, as 
described in the Supplementary methods section. These describe a spatially and kinematically 
coherent structure we term the Radcliffe Wave (possible models are shown in black in the bottom-
right). The grayscale on the XY panel show an integrated dust map17 (-300 < Z < 300 pc), that 
indicates that our sample of clouds distances is essentially complete. To highlight the undulation 
and co-planarity of the structure, the right panels show projections in which the XY frame has been 
rotated anticlockwise by 33∘ (top) and clockwise 120∘ (bottom) for an observer facing the Galactic 
anti-center. The 1σ statistical uncertainties (usually 1 - 2% in distance) are represented by line 
segments, which are usually smaller than the symbols. There is an additional systematic uncertainty 
which is estimated to be ≈ 5% in distance10. For an interactive version of this figure, including extra 
layers not shown here (e.g. model of the Gould’s Belt, log-spiral arm fits), see 
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/radwave.html. 

 

Methods 

Distances. 

Distances were determined for 326 sightlines through major local molecular clouds and 54 
“bridging” sightlines in-between molecular clouds coincident with the projected structure of the 
Radcliffe Wave. The methodology used to obtain the distances and the full catalog of sightlines for 
the major clouds are presented in complementary work10, 12. Sightlines for the major clouds were 
chosen to coincide with star-forming regions in the Star Formation Handbook11, which is considered 
to be the most comprehensive resource on individual low- and high-mass star forming regions out to 
2 kpc. Sightlines for the tenuous connections were chosen in 2-D to coincide with structures (e.g. 
diffuse filamentary “bridges”; see Figure 1) which appeared to span the famous star-forming regions 
on the plane-of-the-sky without a priori knowledge of their distances. These were later used to 
validate the 3-D modeling, which did not incorporate these distances.  

Mass. 

We estimate the mass of the Wave to be about 3 × 106 M ⊙ using the Planck column density map 
shown in Figure 1. To estimate the total mass, we first defined the extent and depth for each 

3D�interacitve�plot

 

 

complex in Figure 1 using the information on the line-of-sight distances. We then integrated the 
column density map using the average distance to each complex. To correct for background 
contamination, which is critical for complexes closer to the plane, we subtracted an average column 
density per complex estimated at the same Galactic latitude. Our resulting mass estimate of the 
Wave is likely to be an approximate lower limit to the true mass of the structure as the regions of the 
wave crossing the plane from Perseus to Cepheus and from Cepheus to Cygnus are poorly sampled 
due to Galactic plane confusion.  

Kinematics. 

We apply the open-source Gaussian fitting package pyspeckit31 over local 12CO spectral 
observations13 to obtain the observed velocities of the star-forming regions shown in Figure 3. For 
each sightline, we compute a spectrum over the same region used to compute the dust-based 
distances. We then fit a single-component Gaussian to each spectrum and assign the mean value as 
the velocity. We are not able to derive observed velocities to ≈ 25% of the sample that either (1) fall 
outside the boundaries of the survey13, (2) have no appreciable emission above the noise threshold, 
and/or (3) contain spectra that are not well-modeled by a single-component Gaussian. The spectra 
that are not-well modeled by a single-component Gaussian represent about 2% of sightlines and 
occur towards the most massive, structured, and extinguished sightlines in the sample, suggesting 
that these spectra could contain CO self-absorption features. We have confirmed that these more 
complex spectra do not show evidence of multiple distance components. Regardless, since the 
predicted velocities rely only on the estimated cloud distances assuming they follow the “universal” 
Galactic rotation curve22, not every sightline in Extended Data Figure 1 has a corresponding 
observed velocity associated with its predicted velocity.  

We compute the background grayscale in Extended Data Figure 1 by collapsing the 12CO spectral 
observations over only those regions coincident with the cloud sightlines on the plane-of-the-sky.  

3-D Modeling. 

We model the center of the Radcliffe Wave using a quadratic function in X, Y, and Z specified by 
three sets of “anchor points” (x0,y0,z0), (x1,y1,z1), and (x2,y2,z2). We find that a simpler linear function is 
unable to accurately model the observed curvature in the structure and subsequently disfavored by 
the data.  

The undulating behavior with respect to the center is described by a damped sinusoidal function 
relative to the XY plane with a decaying period and amplitude, which we parameterize as  

 

(1) 

where d(t) = ||(x,y,z)(t) - (x0,y0,z0)|| = is the Euclidean distance 
from the start of the wave as parameterized by t, dmax is the distance at the end of the wave, A is the 
amplitude, P is the period, ϕ is the phase, δ sets the rate at which the amplitude decays, and γ sets 
the rate at which the period decays. We explored introducing an additional parameter to account for 
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Extended Data Figures. 

 

Extended Data Figure 1. Position-velocity diagram. The blue points in panel a. are as in Figure 1 
while the orange points in panel b. represent the predicted positions of the blue points as if they 
were following a “universal” Galactic rotation curve22. 1σ errors—derived from the Gaussian fitting for 
the observed velocities and the distance uncertainties for the predicted velocities—are shown via 
the line segments, but are generally smaller than the symbols. The quasi-linear arrangement in 
velocity of the Radcliffe Wave complexes (labeled) suggests that the new structure is not a random 
alignment of molecular cloud complexes, but a kinematically coherent structure. The tentative 
decoupling between observed and predicted velocities also indicate that the Wave is a kinematically 
coherent structure.  
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•For�this�moment,�the�Radcliffe�wave�model�is�
not�necessary�and/or�able�to�fully�rule�out�the�
Gould’s�Belt�hypothesis.��

•More�quantifying�kinematical�analysis�may�help�
us�to�better�understand�the�wave�structure�

•For�example,�is�the�vertical�librating�true?�

•New�Gaia�data�release�may�learn�us�a�
revolutionary�picture�about�our�solar�
neighborhood�

Comments



•A�narrow�and�both�spatially�and�kinematically�
coherent�wave-like�2.7�kpc�arrangement�of�
dense�gas�is�find�

•The�prevailing�view�of�the�local�ISM�based�on�
the�peculiarity�known�as�the�Gould’s�Belt�need�
to�be�updated

Summary



•Formation�theory�of�the�Radcliffe�wave�

•Can�it�explain�all�of�side�effects�associated�
with�Gould’s�Belt�as�well?�

•How�to�explain�the�“Split”�on�the�other�side?�

•What�do�we�expect�for�larger�scales?�

•How�will�it�influence�our�understanding�
about�star�formation?

Potential questions



•Too�large�and�too�straight�to�be�the�feedback�of�
a�previous�generation�of�massive�stars�

•Outcome�of�a�large-scale�Galactic�process�of�
gas�accumulation�

- a�shock�front�in�a�spiral�arm�

- gravitational�settling�and�cooling�on�the�MW�
plane

Formation of Radcliffe wave
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Formation of Radcliffe wave

Credit: Wikipedia

Kelvin–Helmholtz instability

A KH instability rendered visible 
by clouds, known as fluctus

A KH instability on the planet 
Saturn, formed at the interaction 
of two bands of the planet's 
atmosphere

https://en.wikipedia.iwiki.uk/wiki/Kelvin%E2%80%93Helmholtz_instability

