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A B S T R A C T 

Efforts to dynamically trace stars back to the now-dissolved clusters in which they formed rely implicitly on the assumption 

that stellar orbital actions are conserved. While this holds in a static, axisymmetric potential, it is unknown how strongly 

the time-varying, non-axisymmetric structure of a real galactic disc drives action drift that inhibits cluster reconstruction. 
We answer this question using a high-resolution magnetohydrodynamic simulation of a Milky Way-like spiral disc galaxy. 
We show that, while stars experience significant action ev olution ov er � 100 Myr, they do so in a correlated fashion 

whereby stars born in close proximity maintain very similar actions for up to 0.5 Gyr. The degree of coherence shows 
no significant dependence on galactocentric radius, but varies between action components: Vertical actions decohere for 
stars born more than a few hundred parsecs apart (likely due to giant molecular clouds), while radial and azimuthal 
actions remain correlated on kiloparsec scales (likely influenced by spiral arms). We use our measurements of the rate of 
action decoherence to develop a probabilistic framework that lets us infer the initial sizes of the star cluster progenitors 
of present -day ‘ disc str eams’ fr om their measur ed action distributions, which w e apply t o 438 known moving groups. 
Our results suggest that most of these streams likely originated from compact clusters, but that a significant minority 

are instead likely to be resonant or dynamically induced structures. This method of classifying streams complements 
existing methods, optimizes the use of expensive spectroscopic abundance measurements, and will be enhanced by the 
mor e pr ecise kinematic data that will soon become available fr om Gaia Data Release 4. 

Key wor ds: astr ometry – Galaxy: kinematics and dynamics. 
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 INTRODUCTION  

tars form in cluster ed envir onments inside giant molecular 
louds (GMCs), inheriting mutually similar kinematics and 

hemical compositions from their shared birth material (C. J. 
ada & E. A. Lada 2003 ). Most of this clustered structure is not
ravitationally bound following dispersal of the star-forming gas, 
nd dissolves within tens to hundreds of million years (Myr) 
eaving the stellar population dispersed in the Galactic field. Even 

fter the stars disperse in physical space, however, they retain im-
rints of their birthplaces in their characteristics (K. Freeman & 

. Bland-Hawthorn 2002 ). If the dispersal occurs in a smooth, ax-
symmetric, and time-static potential, orbital actions are among 
hese imprints, as they ar e e xpect ed t o remain adiabatic invari-
nts under motion in a potential satisfying these conditions (J. 
inney & S. Tremaine 2008 ). These conserved quantities have, 
ence, become central to dynamical studies and Galactic archae- 
logy: If stars born together remain clustered in action space, 
hen action-based conatal tagging can become a powerful tool for 

apping the star formation history of the Galaxy (A. Helmi et al.
018 ; G. C. Myeong et al. 2019 ; C. Zucker et al. 2022 ; C. Swiggum,
. Alves & E. D’Onghia 2025 ). 
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How ev er, the Milk y Wa y potential is neither static nor axisym-
etric. It is shaped by both external perturbations such as satel-

it e int eractions (T. Ant oja et al. 2018 , 2023 ; N. F r ankel et al. 2023 )
nd secular internal processes such as transient spiral arm struc- 
ur e, the r otating Galactic bar, and the formation and dispersal of 
MCs (J. A. Sellwood & J. J. Binney 2002 ; R. Roškar et al. 2008 ;
. F r agk oudi et al. 2019 ; J. T. Mack er eth et al. 2019 ; S. Tr emaine,
. F r ankel & J. Bovy 2023 ). These processes all contribut e t o a

ime-variable and non-axisymmetric component of the potential 
hat can perturb stellar actions. Numerical simulations have con- 
rmed this non-conservation of actions across a range of models: 

rom N−body simulations without gas dynamics or star forma- 
ion, the least realistic representations of the Galaxy (M. Solway, 
. A. Sellwood & R. Schönrich 2012 ; C. Vera-Ciro et al. 2014 ;
. Mikkola, P. J. McMillan & D. Hobbs 2020 ), to semi-analytic
ynamical models (H. Kamdar, C. Conroy & Y.-S. Ting 2021 ), and
ost recently and realistically, to fully self-consistent magneto- 

ydrodynamical (MHD) simulations that include star formation, 
eedback and live disc with flocculent spiral arms (T. Tepper- 
arcía, J. Bland-Hawthorn & K. Freeman 2022 , hereafter Paper 

 ; A. Arunima et al. 2025 ; V. P. Debattista et al. 2025 ; T. Tepper-
arcía et al. 2025 ). 
In Paper I , we quantified the non-conservation of individual 

tellar actions and showed that actions undergo a logarithmic 
 andom w alk over time-scales of hundreds of Myr. Yet a funda-

ental question still remains unanswered: Do conatal stars retain 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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oherence in action space over longer time-scales? That is, while
ndividual stars’ actions undergo random walks that significantly
hange their values over time-scales of ∼100 Myr, is it possible
hat the r andom w alks taken by stars that are born close together
re c orr elated , so that their actions remain close t ogether in action
pace for longer times? Ther e ar e compelling reasons to expect
hey might be. Conatal stars, having shared initial conditions
nd experiencing same gravitational perturbations, should show
imilar changes in their actions and remain clustered in action
pace. If such coherence persists, it would lend strong support to
he use of actions for conatal tagging, providing a robust tool for
dentifying disrupted clusters. 

Indeed, several earlier studies have found evidence of long-
iv ed clust ering in phase space or integral-of-motion space even
fter spatial phase mixing. N−body studies of disrupting satel-
ite galaxies or clusters have shown that stars can remain tightly
rouped in action space for many orbital periods (A. Helmi & P. T.
e Zeeuw 2000 ; F. A. Gómez & A. Helmi 2010 ). Using cosmolog-

cal hydrodynamical simulations, A. Arora et al. ( 2022 ) demon-
trated that stars born close together in the FIRE-2 (Feedback
n Realistic Environments) Milk y Wa y analogue retain action-
pace coherence for several hundred Myr before gradual disper-
ion in an evolving potential. Similarly, H. Kamdar et al. ( 2019 )
odelled clustered star formation with realistic Galactic poten-

ial and found that conatal stars maintain correlated kinematic
ignatures for extended time-scales. Observationally, recent stud-
es using Gaia have identified groups with dynamical coherence
ndicative of common origin due to their chemical and age simi-
arities (J. Coronado et al. 2020 ; V. Fürnkranz et al. 2024 ). These
esults suggest that actions indeed hold promise as diagnostics of 
tar formation origins, but their utility depends on time-scales,
irth separation, and the dynamical environment. Despite these
dvances, no study has yet examined the evolution of conatal
ction coherence in a high-resolution, self-consistent MHD sim-
lation of a live Milky Way-like disc. This gap leaves open un-
ertainties in how reliably actions can be used as archaeological
racers of stellar birth origins. 

In this paper, we address this question using a high-resolution
HD simulation of a Milky Way-like disc galaxy. Building di-

ectly on our previous study of individual stars’ action diffusion,
e aim to extend the study of evolution of stellar actions for pairs
f stars. This allows us to quantify the evolution of action differ-
nces and to measure the characteristic time-scales and physical
cales over which stars lose dynamical coherence in action space
a process we refer to as action-space decoherence). Through this,
e can infer the conatal origin of stars based solely on their cur-

ent dynamical separation – which is easier than ev er t o achiev e
hanks to immaculate astrometric information from Gaia Data
elease 3 (DR3; Gaia Collaboration 2023 ), with the promise of 
v en bett er data from Gaia Data Release 4 (DR4) in the very near
utur e. Hence, we e xplor e the use of our insights for observational
nalysis of star clust er disruption, st ellar disc streams, 1 dynami-
al reconstruction of conatal groups in the Galactic disc. 
NRAS 548, 1–19 (2026) 

 Usually in literature, the term stellar streams is used to refer to structures 
ssociated with tidally disrupted globular clusters and dwarf galaxies 
ccreted in the Galactic halo. In this work, however, we focus e x clusively 
n kinematic structures present in the Galactic disc associated with open 
lusters or moving groups. We therefore adopt the term disc streams, 
ollowing the usage of S. Ratzenböck et al. ( 2025 ). Throughout this paper, 
he term streams refers exclusively to such disc streams unless stated 
therwise. 
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The paper is organized as follows: In Section 2 , we describe
he galactic simulation and methodology used in this study. In
ection 3 , we present the main results from this study including
 emporal ev olution of action differences for pairs of stars, scales
f decoherence as well as dependence of this evolution on the
tars’ birth environment. In Section 4 , we outline an observa-
ional application of our findings to astrometric data from Gaia
nd spectroscopic surveys, which should allow for inferences
f birth conditions of moving gr oups and stellar str eams in the
ilk y Wa y disc. Finally, in Section 5 , we summarize our key

esults and discuss their implications. 

 METHODS  

.1 Simulation 

e use the same high-resolution MHD simulation of an isolated
ilk y Wa y -like disc galaxy, which does not form a central bar

ut develops flocculent spiral structur e, pr eviously employed in
aper I . This simulation, originally introduced by C. Zhang et al.
 2025 , hereafter Z25 ), is an extension of the full galaxy zoom-in
imulations described by B. D. Wibking & M. R. Krumholz ( 2023 )
nd Z. Hu, B. D. Wibking & M. R. Krumholz ( 2023 ) (hereafter
K23 and H23 , r espectively). Her e, we pr ovide a brief summary

f the simulation setup and refer readers to Paper I , WK23 , H23 ,
nd Z25 for full details. 

The simulation follows the evolution of a turbulent galactic
isc under ideal MHD using the gizmo code (P. F. Hopkins 2015 ,
016 ; P. F. Hopkins & M. J. Raives 2016 ) with radiative cooling
mplemented via the grackle library (B. D. Smith et al. 2017 ).
tar formation occurs stochastically when the gas particle density
g e x ceeds a critical threshold density ρcrit ; for particles meeting
his condition the probability of being conv ert ed t o a star particle
n a time-step of size �t is 

 = 1 − exp (−εff�t/t ff) , (1) 

hich corresponds to setting the star formation rate density to 

˙ SFR = εff
ρg 

t ff
. (2) 

ere εff is the star formation efficiency, ρg is the local gas density
nd 

 ff = 

√ 

3 π
32 Gρ

(3) 

s the local gas free-fall time. The critical threshold density ρcrit is
hosen to ensure that the local gravitational collapse is resolved,
hat is, the Jeans mass is nearly equal to the simulation mass
esolution. The simulation uses a fixed efficiency per free fall
ime εff = 0 . 01 , motivated from observations (M. R. Krumholz,
. F. McKee & J. Bland-Hawthorn 2019 ), increasing to εff = 10 6 

or gas particles with ρg ≥ 100 ρcrit ; the latter choice is purely
or numerical convenience, as it forces immediate conversion to
tar particles above this density thr eshold, ther eby avoiding the
 xtr emely short time-steps that would otherwise be r equir ed in
ery dense gas. 

The simulation mass resolution is high enough that stellar
articles r epr esent stellar populations t oo small t o sample the
ull initial mass function (IMF), so the simulation treats stellar
eedback on a star-by-star basis. When a star particle forms the
ode samples individual stars stochastically from a G. Chabrier
 2005 ) IMF using the stellar population synthesis code slug (R.
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Figure 1. A snapshot of the simulation at t = 464 Myr (the final snap- 
shot). We show the log of the gas surface density in greyscale in the back- 
ground, with darker shades corresponding to higher densities. Overlaid 
on this is a random subsample r epr esenting 1 per cent of the total star 
sample we use in this work, with the colour of each particle indicating its 
age as shown by the colour bar (darker colours r epr esent younger ages). 
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. da Silva, M. Fumagalli & M. Krumholz 2012 ; M. R. Krumholz
t al. 2015 ). Thereaft er, slug comput es the age-dependent in-
ernal properties of each star from the Padova stellar tracks (A. 
ressan et al. 2012 ), and the corresponding ionizing luminosity 
sing the ‘starburst99’ spectral synthesis method (C. Leitherer 
t al. 1999 ). The feedback module also uses slug t o det ermine
hich stars end their lives as supernovae versus as AGB stars

ollowing the models of T. Sukhbold et al. ( 2016 ). The simulation
eposits photoionization and supernova feedback in the gas using 
he approaches described by P. F. Hopkins et al. ( 2018 ) and L.
rmillotta et al. ( 2019 ), and returns mass and metals following

he predictions of T. Sukhbold et al. ( 2016 ) for type II supernovae,
. I. Karakas & M. Lug ar o ( 2016 ) for AGBs, and C. L. Doherty

t al. ( 2014 ) for super-AGBs. 
The simulation proceeds in two stages. The first phase, de- 

cribed in WK23 , ev olv es an isolated galaxy from AGORA Milky
a y -like initial conditions (J.-h. Kim et al. 2016 ) using IMF-

nt egrat ed feedback. The WK23 simulation includes a live dark
atter halo, a stellar disc and bulge, and a gas disc. Gas particles

ave a mass of 859.3 M � contributing to a gas disc of mass 3 . 4 ×
0 10 M �, while dark matter particles have a mass of 1 . 254 × 10 5 
 �, contributing to a halo of mass 1 . 07 × 10 12 M �. Stellar disc

nd bulge particles have a mass of 3 . 4373 × 10 3 M �, contribut-
ng to a stellar disc of mass 3 . 4 × 10 10 M � and a bulge of mass
 . 3 × 10 9 M �. The stellar disc has a scale height of appr o ximately
50 pc, while the gas disc follows a double-exponential profile 
ith a radial scale length of 3.43 kpc and a vertical scale height

f 343.2 pc. 
The second phase is a high-resolution resimulation: Using the 

00 Myr snapshot from the WK23 simulation (which exhibits a 
table gas fraction similar to the present da y Milk y Wa y), Z25 run
he simulation for 100 Myr without enhancing the resolution but 
witching from the IMF-integrated treatment of feedback to the 
tar-by-star feedback prescription described above. Then, the gas 
ass resolution is increased to �M ≈ 300 M � using the particle 

plitting pr ocedur e outlined in H23 and the simulation continues
or another 464 Myr, with snapshots output at 1 Myr intervals.
y the end of the simulation, approximately 1.32 million star 
articles have formed. 
In Fig. 1 , we show the state of the simulation in the final

napshot. The gr eyscale back gr ound shows the g as surface den-
ity, with darker regions indicating higher densities, while the 
oloured points show 1 per cent of the 1.32 million star parti-
les, selected at random and coloured according to their ages as
hown by the accompanying colour bar. The disc clearly has a 
elf-consist ently generat ed multi-armed flocculent spiral struc- 
ure rather than a long-lived gr and-design pat tern. A t the reso-
ution of the resimulation phase, star formation occurs within 

elf-gravitating GMCs that form self-consistently from the tur- 
ulent int erst ellar medium. The resulting GMC population and 

ts disruption by stellar feedback are consistent with the Galactic 
uning-fork test (Z. Hu et al. 2024 ), which characterizes the scale-
ependent spatial decorrelation between molecular gas and H α

mission (J. Kim et al. 2022 ). This demonstrates that the GMC
roperties in our simulation are physically reasonable, a point 
hat will be important to keep in mind below when we discuss
ow the gravitational perturbations induced by these GMCs in- 
uence stellar orbits. 
While the ‘star particles’ in our simulation r epr esent small

ubcluster-scale populations rather than true individual stars, 
heir masses are low enough that they should preserve the dy- 
amical information imprinted at birth almost as well as indi- 
idual stars. At the smallest scales, our simulation is expected 

 o ov erestimat e decoherence in action space due to star particles
eing significantly larger than median stellar masses. 

.2 Action calculation 

ur first step in analysing these simulations is to compute actions
or each star particle at each output time. Our full pr ocedur e
or doing so, including sev eral t ests of the method, is provided
n Section 3 and the Appendices of Paper I . We ther efor e only
ummarize here for reader convenience. 

We calculate actions for the star particles using the epicyclic 
ppr o ximation, which is very accurate for young stars near the
isc plane and is much more computationally efficient than al- 
 ernativ e approaches. At each simulation snapshot, we use the
ravitational potential computed by gizmo at the position of 
ach particle to construct an axisymmetric model for the galaxy’s 
otential �. Following J. Binney & S. Tremaine ( 2008 ), we then
ecompose the stellar orbits into independent radial and vertical 
scillations about a guiding centre at galactocentric radius R g , 
haracterized by the radial ( κ), and vertical ( ν) frequencies 

2 = 

(
R 

∂ �2 

∂ R 

+ 4�2 
)

( R = R g ,z =0) 
(4) 

2 = 

∂ 2 �

∂ z 2 

∣∣∣∣
( R = R g ,z =0) 

, (5) 

here 

(R ) = 

√ 

1 
R 

∂ �

∂ R 

∣∣∣∣
R,z=0 

(6) 

s the circular frequency. 
To assign actions to each star, we first evaluate the stellar guid-

ng centr e fr om the star’s angular momentum L z by solving the
mplicit equation 

 L z | = R | v φ | = R 

2 
g �(R g ) (7) 
MNRAS 548, 1–19 (2026) 
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Figure 2. The distribution of fifth nearest neighbour distances d 5 for 
coeval stars at different ages (shown in the legend; lighter colours rep- 
resent older stars). For comparison, we also show as a black solid line 
the distribution of d 5 for an unclustered stellar population sampled from 

a double exponential disc model (see main text), with its normalization 
rescaled for easier visual comparison. We show the 30 pc limit that we use 
t o separat e ‘clust er ed’ stars fr om dispersed stars as the red dashed vertical 
line. 
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2 Car eful r eaders may notice that the mean separation of the second peak 
is slightly larger than that of the comparison sample. This difference 
arises because this second peak contains significantly fewer than the 1.2 
million stars – the size of the full cohort sample – used to construct 
the comparison unclustered model. An unclustered sample containing 
≈200 000 stars, about the number in the second peak for the 400 Myr 
cohort, w ould hav e a mean separation that is larger by a factor of 6 1 / 3 ≈
1 . 87 , closely matching what we observe. 
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or R g , where R is the star’s radial position and v φ its azimuthal
 elocity. From R g w e can immediat ely evaluat e κ and ν from
quations ( 4 ) and ( 5 ). We then compute the stellar radial, vertical,
nd azimuthal actions as 

 R = 

v 2 R + κ2 (R − R g ) 2 

2 κ
(8) 

 z = 

v 2 z + ν2 z 2 

2 ν
(9) 

 φ = L z . (10) 

Finally, as mentioned in Paper I , many stars in the simulation
re part of gravitationally bound clusters for at least some of 
heir evolution, and the internal orbital motion within these clus-
 ers driv es large variations in galact ocentric actions. These can
bscure the slower evolution induced by the Galactic potential,
hich is of primary concern here. To remove these short-time-

cale fluctuations, we apply a But terworth low -pass filter with a
utoff frequency of 1/30 Myr −1 to the action time series of each
tar . W e use these filtered actions for all the analysis in this paper.

.3 Selecting the stellar sample 

he overarching goal of this work is to determine whether stars
orn together remain clustered in action space even as they drift
part in physical space. To this end, at each snapshot, we begin
y quantifying stellar distances at birth, so that we can find ones
hat formed nearby to one another . W e first identify stars that
ere born within the last 1 Myr and consider all pairs of two such

tars. We group our pairs based on the physical distance between
he two stars in the first snapshot in which the stars appear, d init .

e ar e inter ested in knowing how the distance in action between
ach pair of stars grows with the time �t since their birth, as a
unction of their physical separation at birth d init . 

The next step is to identify stars that have separated in physical
pace as they age, and particularly to filter out any stars that
ave remained together for long times because they are part of 
ravitationally bound clusters – these will remain clustered in
ction space simply because of their boundedness. To define a
riterion by which we can identify dispersed stars, we start by
xamining the distribution of fifth nearest-neighbour distances
or coeval stars – again defined as stars born in the same 1 Myr
ohort – measured at various stellar ages. (We verify in Appendix
 that choosing a different neighbour number rather than fifth
earest yields qualitatively identical results.) The age cohorts are
onstructed across all snapshots of the simulation – thus, for
xample, the distribution for the 2 Myr cohort plotted in Fig. 2
s measured from the stars with ages of 2–3 Myr present in all the
napshots we analyse, rather than those selected from a single
napshot at a fixed time. As a result, each individual star particle
ontribut es t o multiple age cohorts ov er the course of the sim-
lation, and each cohort contains ∼10 6 star particles, ensuring
 x cellent sampling statistics. 

In order to interpret the results shown in Fig. 2 , it is helpful to
onstruct a comparison example showing the expected separation
istribution for stars whose overall distribution matches that in
he simulation, but with no clustering. To construct this compar-
son sample, we fit the distribution of star particle position in the
imulation (including only particles formed self-consistently in
he simulation, e x cluding those pr esent at t = 0 ) with a double-
xponential model with surface density 
(R ) ∝ exp (−R/R d ) and
ertical density ρ( z ) ∝ exp ( −| z | /H ) , where R d is the radial scale
ength and H is the disc scale height. We carry out this fit for each
NRAS 548, 1–19 (2026) 
imulation snapshot, but find that there is very lit tle v ariation in
 d or H from one snapshot t o another, as expect ed since the disc
verall is in statistical steady state. We ther efor e adopt the me-
ian values R d = 3 . 09 kpc and H = 153 pc across all snapshots.
e then sample 1 . 2 × 10 6 star particles from this distribution,
atching the mean number present in each of our age cohorts,

nd compute their fifth-nearest neighbour distance distribution.
e repeat this procedure 100 times, and plot the average result as

he black line in Fig. 2 . 
We see that the control distribution peaks at separations of 
50 pc, which we interpret as the typical interstellar separation

xpected for stars that are not clustered but instead populate
he galactic disc according to its large-scale density structure.
y comparison, for all the age cohorts of newborn stars in our
imulations, the peak of the fifth-nearest neighbour distance is
uch smaller than this, ∼1 pc, reflecting that stars are clustered

ogether. At the earliest ages the distribution of separations is uni-
odal and consists only of this clustered feature, but at later times
 secondary feature that is near the peak of the control distribu-
ion begins to appear, and the separation distribution becomes
imodal; the minimum between these two modes is at ≈30 pc. We
her efor e identify the small-separation peak as arising from stars
hat remain close to the clusters or in compact associations and
he large-separation peak as reflecting stars that have dispersed
rom their natal environments into the galactic field, and are
pproaching a spatial distribution consistent with no clustering
eyond that imposed by the large-scale stellar distribution in the
isc. 2 Based on this, we adopt a conservative criterion and retain
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n our sample only those stellar pairs for which the separation
etween the stars is > 30 pc at time �t = 100 Myr after the stars’
irth. This choice intentionally errs on the side of e x cluding po-
entially coherent but unbound structures and effectively limits 
ur sample to pairs of stars that are no longer recognizable as
embers of the same bound cluster in physical space. We further

est the robustness of our results to this sample selection by adopt-
ng alt ernativ e separation thresholds in Appendix B and find no
ractical differences in the inferred behaviour. 

.4 Quantifying action-space coherence 

e are now in a position to quantify the change in action dif-
erences between the pairs of stars that we retain. For a given
air of stars at each �t, we define the absolute change in action
ifference for each component ( J R , J φ , J z ) as the change in their
ction difference at age �t from the action difference at the birth
napshot 

abs �J(t , �t ) = 

∣∣[∣∣J i (t + �t ) − J j (t + �t ) 
∣∣ − ∣∣J i (t ) − J j (t ) 

∣∣]∣∣ , (11) 

here J i (t ) is one of the components of action of the i th star at
ime t. Thus for example consider a pair of stars born at time t 
hose radial actions at this time are J R,i (t ) = 2 km s −1 kpc and

 R, j (t ) = 3 km s −1 kpc, and at a time �t = 100 Myr later we find
hat their actions are J R,i (t + �t ) = 1 km s −1 kpc and J R, j (t +

t ) = 4 km s −1 kpc. We would then say that δabs �J R (t, �t ) = 2
m s −1 kpc for this stellar pair, since the separation in actions has
r own fr om 1 km s −1 kpc at birth to 3 km s −1 kpc at 100 Myr
fter birth. We also define relative change in action difference as
he absolute change in action difference divided by the geometric 

ean of the actions of the stars at the later time: 

rel �J(t , �t ) = 

δabs �J(t , �t ) √ 

J i (t + �t ) J j (t + �t ) 
. (12) 

or our example stellar pair, we would have δrel �J R (t , �t ) = 1 . 

 R E S U LT S  

e are now prepared to characterize the evolution of action- 
pace coherence for coeval stars. Our aim is to establish whether
tars that are born together remain clustered in action space, and 

n what spatial and temporal scales this coherence persists. We 
egin by examining the overall behaviour of action differences 
f pairs as a function of their birth separation in Section 3.1 .
n Section 3.2 , we distinguish how coherence differs across the
hree action components. Finally, w e t est whether the rate of 
ecoherence depends on the Galactic environment by repeating 
he analysis in radial bins across the disc in Section 3.3 . 

.1 Stars born together remain clustered in action space 

s described in the previous section, for each of our 1 Myr snap-
hots, we identify pairs of stars born since the previous snapshot,
nd r ecor d their physical separation in the first snapshot at which
e find them, d init . We then track the actions of each star over

ime and calculate the absolute and relative changes in action 

ifferences for each stellar pair at each snapshot. We do this
hroughout the simulation, and the result is data set of stellar
airs at different times; each entry in this data set consists of 
he pair’s distance at birth d init , the time �t since the pair was
orn, and the absolute and relative change in the pair’s action 

ifference since birth, δabs �J R, z ,φ and δrel �J R, z ,φ . To study how 
hese action changes depend on birth distance, we bin this data
et by d init , and for each time interval �t in each d init bin, we
ompute the median of the changes in action differences for all
tellar pairs. We plot these median action differences for each 

omponent as a function of time in Fig. 3 for absolute action
hanges, and in Fig. 4 for relative changes. 

Fr om the figur es, it is clear that the stars born close together
how much smaller change in action differences over time com- 
ared to the ones born far apart. That is, we find that at any given
t, the absolute and relative changes of all actions are much

maller for the small d init bins than for the larger ones. As the
irth separation increases, the curves for different bins begin to 
onverge (in both absolute and relative changes in the action 

ifferences), suggesting that the pairs of stars born sufficiently 
ar apart ev olv e independently in action space, i.e. they are deco-
er ent fr om birth. 
To contextualize these changes, we also show the typical single- 

tar action evolution from Paper I in Figs 3 and 4 as the blue
ashed lines. This quantity is defined as the change in the action
f a single star relativ e t o its initial action, so for example the blue
ashed line in the top panel of Fig. 3 indicates that, for the median
tar in the simulations, its radial action 150 Myr after birth will be
10 kpc km s −1 different than it was at birth. The plot shows that

he single-star action change with respect to itself in time closely
atches the change in action difference for pairs of stars that are

orn far apart, confirming that these stars undergo uncorrelated 

volution in action space. By contrast, pairs born close together 
 etain coher ence in action space over the entire ∼0 . 5 Gyr time-
cale of our simulation. We emphasize that this does not mean
hat these stars’ individual actions do not change – as the blue
ashed line shows, their individual actions are in fact changing 
ignificantly. It is simply that for stars that were born close to-
ether in space, the changes in action they e xperience ar e very
imilar, so the change in the difference of actions between the
wo stars is much less than the action change each star undergoes
ndividually. We can conceptualize this as the stars undergoing 
 r andom w alk but doing so while holding hands: After a long
nough time the two stars may both wind up very far from where
hey started, but they will still be close to each other. For the stars
n the smallest bins of d init , the relative action difference change
emains well below 50 per cent throughout the simulation (Fig. 
 ). This establishes that stars born together remain together in
ction space over at least hundreds of millions of y ears, ev en as
hey drift apart physically. 

.2 Different components decohere on different spatial 
cales 

 second quantity that we can read off from Figs 3 and 4 is how
losely t ogether st ellar pairs must be at birth for their actions
 o separat e noticeably more slowly than the rates at which the
ctions of single stars drift – that is, for what values of d init do
 e observ e that the change in action separation for stellar pairs

solid lines) is significantly smaller than the rates at which in-
ividual stellar actions drift (dashed blue lines)? We can think 

f stars with d init smaller than this value as coherent in action
pace, while those with larger d init are incoherent. Interestingly, 
or radial and azimuthal actions, decoherence emerges gradually 
t birth separations on the scales of kiloparsecs. How ev er, for
ertical action, coherence is lost at much shorter distances of 
undreds of parsecs. 
MNRAS 548, 1–19 (2026) 
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Figure 3. Median of absolute change in action difference (row - wise in 
order: δabs �J R , δabs �J z and δabs �J φ) versus time for coeval pairs of stars 
binned by stellar separation at birth; birth distance bins are indicated by 
colour, as shown in the legend. For comparison, the blue dashed line 
shows the median absolute change in the action of single stars from their 
own initial actions as a function of age gap; this result is taken from from 

Paper I . As expected, for stars born at large separations (lighter-coloured 
solid lines) the actions change in essentially uncorrelated ways, so the 
changes in action between pairs of stars are similar to the changes for 
individual stars (blue dashed line), but stars born close together (darker 
solid lines) change their actions in correlated ways, and so the median 
change in action for pairs of stars is much smaller than the median change 
in actions for single stars. 

Figure 4. Same as Fig. 3 , but now showing changes in relative action 
δrel �J R, z ,φ rather than absolute action δabs �J R, z ,φ . 
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This difference is physically significant. In Paper I , we argued
hat vertical actions and radial actions have different drivers of 
hange: Vertical actions are primarily influenced by local pertur-
ations such as GMCs, while radial actions are affected by large-
cale structures such as spiral arms. This picture is consistent
ith the spatial scales of decoherence that we find here: The

ertical action decoheres over scales comparable to the vertical
isc scale height (V. V. Bobylev & A. T. Bajkova 2021 ; K. Vieira
t al. 2023 ), while radial and azimuthal actions decohere over
uch larger distances, reflecting the scale of spiral arm structure,
hich is comparable to the radial scale length of the stellar disc

V . V . Bobylev & A. T. Bajkova 2021 ; A. Castr o-Ginar d et al. 2021 ).
urther support for this picture comes from the self-consistent,
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solated disc simulation of V. P. Debattista et al. ( 2025 ) in which
ll stars form fr om g as. They show that spiral structure strongly
ffects radial actions (derived under the assumption of axisym- 
etry) but leaves vertical actions comparatively unchanged. 
These results suggest that the coherence in action space is 

 function of birth distance but also depends on which action 

omponent is considered and what physical processes dominate 
ts evolution. These dependences provide quantitative constraints 
n how long and how far action clustering persists in each compo-
ent of action. As we e xplor e in Section 4 , this can directly inform
fforts to reconstruct disrupted stellar associations in the Milky 
ay by assessing the maximum allowable action difference as a 

unction of birth separation and time since formation. 

.3 Radial dependence 

o test whether action decoherence depends on Galactic environ- 
ent, we repeat our analysis in radial bins of 1 kpc. In Paper I ,
e found that the relative action change was faster and stronger

n the inner disc compared to the outer disc, even after removing
he expected dependence due to radial variation of the galactic 
rbital period, as expected given the large number of perturbation 

rivers (e.g. higher density of GMCs) in the inner disc. 
Here, how ev er, w e restrict ourselv es t o stars that are born close

ogether. In Section 3.1 , we saw that such stars remain clustered
n action space throughout the simulation. For each radial bin, we 
elect coeval stars with birth separations of 0.5–2 pc and compute 
he median of relative change in action difference at each �t; re-
ults for other small d init bins are qualitativ ely similar, so w e show
nly the 0.5–2 pc bin for clarity. To ensure statistical robustness,
e only plot radial bin and time combinations that contain more

han 10 4 stellar pairs. The r esults ar e plotted in Fig. 5 for all three
omponents of action, for radial bins of 1 kpc spanning 2–19 kpc
the range where actions are available). We find little systematic 
adial dependence in the change of action differ ence acr oss most
f the disc. The most notable deviation occurs in the 4–5 kpc bin,
hich exhibits an increase in the median relative action change 
y up to a factor of ∼3 at bigger time intervals compared to other
adii. Although there is no bar in the simulation, it is possible
hat the inner bins experience somewhat different dynamical 
onditions associated with the transition of the rotation curve 
r om a mor e spherical t o a disc-dominat ed pot ential. How ev er,
he affected radial bins are also those with the smallest num-
er of stellar pairs, making it difficult for us to draw any strong
onclusions about the origin of the enhanced decoherence in the 
nner disc. Overall, the lack of a strong radial trend is somewhat
urprising, given the expectation of stronger perturbations in the 
nner disc. How ev er, it is important t o not e that w e are measuring
hanges in action differ enc es , not the actions themselves. Hence,
he result implies that conatal stars (that are born within 0.5–2 pc
f each other) experience similar perturbations regardless of their 
ocations in the Galaxy, and thus their actions remain clustered 

o a comparable extent in both the inner and outer disc. 

 A P P L I C AT I O N  TO  O B S E RVAT I O N S  

aving established a framew ork t o quantify the divergence of 
tellar actions of pairs of stars as a function of initial separation
nd time, we now aim to apply these results t o observ ed moving
roups and stellar streams in the Milk y Wa y disc. The goal of 
his section is t o t est whether present-day kinematic substruc-
ur es ar e consistent with the hypothesis that they ar e unbound
escendants of initially compact star clusters (C. J. Lada & E. A.
ada 2003 ; H. Baumg ar dt & P. Kroupa 2007 ; M. A. Kuhn et al.
019 ), and to place quantitative constraints on their initial sizes
sing our simulation library. 
MNRAS 548, 1–19 (2026) 
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The key diagnostic used throughout this section is present-day
istribution of pairwise action differences within each candidate
tream. Under the simplifying hypothesis that a stream formed in
 single, compact star-formation event, all members share nearly
dentical actions at birth (i.e. zero pairwise action difference).
s the system evolves in the Galactic potential for time τ (the
resent-day age of the object), action differences should grow ac-
ording to the behaviour characterized by our simulation. Thus,
e can infer the range of plausible birth separations for members
f the stream. 

First, in Section 4.1 , we summarize the data sources used and
heir preparation. We describe the methodology we use to com-
are the observed distributions with the simulation predictions

n Section 4.2 . In Section 4.3 , we present the results for the sam-
le and discuss their implications. Section 4.4 talks about the
ompleteness of observational membership and its effect on our
nalysis, while other caveats of the method are discussed in Sec-
ion 4.5 . 

.1 Data selection and preparation 

ur observational sample is drawn from the catalogue complied
y E. L. Hunt & S. Reffert ( 2024b ), which classifies objects pre-
iously identified as open clusters into bound clusters and un-
ound moving groups based on their Jacobi radii. The associated
atalogue (E. L. Hunt & S. Reffert 2024a ) provides membership
ists for all systems, along with per-member astrometry (RA, Dec.,
MRA, PMDec, radial velocity and its uncertainty) from Gaia
R3 (Gaia Collaboration 2023 ) as well as clust er-lev el parame-

ers such as age percentiles (16th, 50th, and 84th) and current
adius of the object in parsecs. We note here that E. L. Hunt & S.
effert ( 2024b ) do not consider radial velocities in their member-

hip determination method. Hence, some stars with discrepant
adial velocities may be miscategorized as members. To assess
he robustness of our results to this effect, we repeated our entire
nalysis after e x cluding members that deviate by more than 3 σ
n radial velocity from the group mean. This t est, present ed in
he Appendix C , yields similar results. 

For all the members of each candidate moving group, we need
o assemble their six-dimensional phase-space information for
he computation of stellar actions. We adopt RA, Dec., proper

otions, and radial velocities directly from the membership list
n the E. L. Hunt & S. Reffert ( 2024a ). When the catalogue does
ot provide a radial v elocity, w e supplement it using large spectro-
copic surveys: GALAH DR4 (Galactic Archaeology with HER-

ES; S. Buder et al. 2025 ), APOGEE DR17 (Apache Point Ob-
ervat ory Galactic Ev olution Experiment; Abdurr o ’uf et al. 2022 ),
nd RAVE DR6 (Radial Velocity Experiment; M. Steinmetz et
l. 2020 ), selecting the measurement with the smallest quoted
ncertainty when multiple values are available. Distances are

aken from the probabilistic parallax-based estimates of C. A. L.
ailer-Jones et al. ( 2021 ), which for our sample have a median
ncertainty of 0.66 per cent. For a small fraction of stars lacking
n individual distance estimat e, w e assign the mean distance
f the remaining members of the group as an approximation.
his substitution is rare, since radial velocities are more often
issing than distances, and stars without reliable velocities are

 emoved fr om the sample altogether because accurate 6D phase-
pace information is essential for action computation. The spatial
istribution of these objects in the Galact ocentric Cart esian coor-
inates is shown in Fig. 6 , with the position of the Sun marked as
 red star at the centre of the plot. 
NRAS 548, 1–19 (2026) 
To ensure robust statistics for pairwise comparisons, we retain
nly those moving groups with at least ten member stars possess-
ng full 6D information. This guards against unstable inference
or poorly sampled systems. We also limit the sample to the pa-
amet er space cov er ed by our simulations: Objects ar e r equir ed to
ave an 84th percentile age less than 456 Myr, corresponding to

he maximum �t in our simulated library. When the published
ge uncertainty is large, we retain the object provided that a
ignificant portion of its age posterior lies within this range. 

The actions of the member stars are calculated using the
täckel appr o ximation (J. Binney 2012 ) implemented in the
alpy package (J. Bovy 2015 ). Since we have the 6D astrometry
f the stars, we can directly integrate each star’s orbit in a Milky
ay potential which is taken to be the commonly used MWPo-
ential2014 (J. Bovy 2015 ) in our case. We int egrat e the orbits

n this potential for 50 internal time units (corresponding to ≈1 . 9
yr) and use the resulting orbit to estimate the local focal pa-

ameter � via the estimateDeltaStaeckel function. Given
he potential and �, we compute the actions using actionAn-
leStaeckel. 3 

For each moving group, we then take all possible pairs of stars
nd evaluate their relative change in action difference using equa-
ion ( 12 ) under the assumption that their initial action difference
s zero, i.e. | J i (t ) − J j (t ) | = 0 . Hence, for each stream, we get a
istribution of observ ed relativ e action changes, r epr esented by
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 δ�J obs } , which characterizes the present-day kinematic coher- 
nce of the stream. These values are upper limits, since if the
nitial action distances were non-zero then the value { δ�J obs }
ould be smaller. 
Using the distribution { δ�J obs } and the system’s age (and un-

ertainty), we can directly place each observed stream on the 
heoretical map of action-space coherence evolution shown in 

ig . 4 . Fig . 7 illustrates this comparison: Coloured lines indicate
he median of change in action difference with respect to time
or coeval pairs of stars, binned by their separation at birth, de-
ived from the simulation (i.e. these curves are identical to those
hown in Fig. 4 ). We then overplot a randomly chosen subset
f the observed moving groups as points, with the medians of 
heir distribution { δ�J obs } on the vertical axis and median age
n the horizontal axis; the error bars r epr esent the 16th–84th
ercentile ranges in both quantities. 4 The relative position of a 
oving group point with respect to the lines of different stellar

irth separation provides an estimate of the upper limit on its
nitial size – the effective ‘birth radius’ of the cluster that may 
av e ev olv ed int o the present-day observ ed stream. 
This qualitative comparison can be done for all the three com- 

onents of action. How ev er, visual inspection of Fig. 7 shows that
he vertical action yields the most stringent constraints on initial 
ize. This is expected since, as seen in Section 3.2 (and supported
y V. P. Debattista et al. 2025 ), vertical action differences decorre-

at e ov er smaller physical scales than the azimuthal or radial com-
onents. Ther efor e, in the following sections, where we develop 

 quantitative, pr obabilistic infer ence framework for estimating 
nitial clust er sizes, w e restrict our analysis t o the v ertical action
omponent. 

.2 Methodology 

ur goal is to estimate the most likely initial separation ( d init )
f stars that make up present-day disc streams by compar- 
ng their observed distribution of action differences to the 
imulation-based probability distributions of relative action dif- 
erence changes, while marginalizing over the uncertainty in the 
treams’ age. 

To explain our approach, we begin with the simplified case 
here we know the stream’s age τ exactly, before generalizing 

o the situation where τ is uncertain. Our first step for the sim-
lified case is to construct the distribution of predicted action 

ifferences as a function of d init for stars of this age based on
ur simulations. We ther efor e select all the stellar pairs whose
ge �t is equal to the stream age τ , giving us a sample of pairs
hat are each characterized by an initial separation d init and an 

ncrease in relative vertical action difference δrel �J z, sim 

. We next 
elect a random sample of 2 million pairs from the remaining
MNRAS 548, 1–19 (2026) 

 Vertical error bars reflect the spread or dispersion of the action differ- 
nces, not the uncertainty on the median. In our analysis in Section 4.2 , 
he full distribution of action differences is used in a Bayesian framework, 
o these error bars are purely illustrative. Horizontal error bars, on the 
ther hand, r epr esent the 16th–84th per centile ag e rang e as reported in E. 
. Hunt & S. Reffert ( 2024a ), which is derived as a clust er-lev el paramet er 
ather than individual stellar ages. When performing the inference of 
tr eam pr operties, w e model the clust er age as a Gaussian distribution 
ith mean equal to the catalogue median and standard deviation calcu- 

ated using the 16th–84th percentiles. The posterior is then marginalized 
ver this age distribution to correctly account for age uncertainty, ensur- 
ng the figure’s error bars do not bias the quantitative results. 

Figure 7. Relative action differences calculated for some of the observed 
moving groups (markers) placed on the theoretical grid of action-space 
evolution (coloured lines indicating different birth distance bins as shown 
in the legend; lighter colours showing larger birth distances). Rows from 

t op t o bott om show δrel �J R, z ,φ , respectiv ely. Each point r epr esents the 
median of the distribution { δ�J obs } and age of a moving group, with error 
bars showing the 16th and 84th percentiles (see footnote 4). The lines are 
identical to those shown in Fig. 4 , though we show only a subset here to 
minimize clutter. 

ser on 11 August 2026
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Figur e 8. Colour ed lines show e xamples of cumulative distributions 
corresponding to the one-dimensional probability distributions, P 1D (x | 
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separations d init (as indicated in the legend; darker colours r epr esent 
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shading shows the cumulative distribution for observed stellar pairs in 
the example stream HSC 2282 for comparison. 
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ata; we use 2 million rather than all the pairs ( ∼10 8 samples
otal for smaller values of �t, diminishing for larger �t) to keep
he computational cost tr actable. F rom these 2 million pairs, we
onstruct a kernel density estimate (KDE) in the two variables
 ≡ log d init and x sim 

= log δrel �J z, sim 

, using Silverman’s rule to
et the bandwidth of the Gaussian kernel. We denote the resulting
DE in the two variables P 2D (x sim 

, a | τ ) . We ne xt r educe this to
 series of 1D marginal KDEs for x sim 

at each a by evaluating 

 1D (x | a, τ ) = 

P 2D (x sim 

, a | τ ) ∫ ∞ 

−∞ 

P 2D (x sim 

, a | τ ) d x sim 

. (13) 

n practice, we compute this integral by evaluating the KDE on a
D grid covering the full range of a and x sim 

. After that, we extract
lices at constant a , normalizing the distribution at each a to
nsure that the total probability int egrat ed ov er x sim 

sums t o 1 for
ach a ; this normalization step corresponds to the denominator
f equation ( 13 ). Finally, we construct an interpolating function
or each value of a . The result is a function P 1D (x | a, τ ) that
ets us efficiently predict the probability density function (PDF)
f action differences x we expect for a population born with a
articular initial size a and a present-day age τ . 
The top panel of Fig. 8 shows examples of cumulative proba-

ility distribution functions (CDFs) corresponding to the PDFs
 1D (x | a, τ ) for different a values and at an age τ = 148 Myr,

hosen to correspond to the central age estimate for an example
tream, HSC 2282. The thick black line r epr esents the CDF of log
ction differences { x i } for the observed members of the stream,
hile coloured lines represent predictions constructed from our

imulations for different initial separations, as indicated in the
egend. Notably, the observed CDF appears truncated near x ∼ 0 ,
nd this behaviour is consistent across all streams we examined in
ur data set, which suggests it could be an observational artefact:
f str eam members ar e too far away in action space (and, corre-
pondingly, in physical space), they become increasingly unlikely
 o be observ ed or classified as stream members in the catalogue.
o account for the possible effects of this observational limitation,
e consider a modified method for constructing our theoretical
DFs P 1D (x | a, τ ) under the assumption that the lack of ob-
erved pairs at high δrel �J z is primarily a result of observational
ncompleteness, in which case we must apply a similar truncation
o the theor etical pr edictions. We ther efor e construct a modified
 ersion of P 1D (x | a, τ ) , which w e denot e P 1D, trunc (x | a, τ ) , by
etting P 1D (x | a, τ ) = 0 for x > x max,obs , where x max,obs is the max-
mum observed value of log δrel �J z for a given stream, and renor-

alizing the value of P 1D (x | a, τ ) at x < x max,obs so that the inte-
ral over all x remains unity. We plot the CDF corresponding to
his truncated distribution in the bottom panel of Fig. 8 . In what
ollows we will carry out our remaining analysis using both the
runcated and non-truncated versions of P 1D (x | a, τ ) , since real-
ty likely lies somewhere between the e xtr eme assumptions that
her e ar e no observational biases ag ainst finding str eam members
ith large action difference (corresponding to the top panel in
ig. 8 ) and that any disagreement between the observations and

he predictions at high x is solely due to observational bias (the
ower panel). 

Examining either panel of Fig. 8 , it is clear that we can pick
ut by eye which values of d init yield predict CDFs of action differ-
nces that are similar to the observed one. To render this intuition
uantitativ e, w e comput e the likelihood of observing the action
ifference distribution { x i } given a particular pair of values (a, τ )
NRAS 548, 1–19 (2026) 
s the product of individual probability for each observation 

 ({ x i } | a, τ ) = 

∏ 

i 

P 1D (x i | a, τ ) , (14) 

here P 1D (x | a, τ ) is the 1D PDF computed either for all the
imulation data or for the truncated version. If we adopt a flat
rior in a = log d init , the posterior probability distribution for a
hen follows directly from the likelihood: 

 post (a | { x i } , τ ) ∝ L ({ x i } | a, τ ) . (15) 

his posterior describes the probability distribution for log initial
ize a = log d init at a fixed age τ . 

Now we can relax the assumption of known, fixed stream age
. Inst ead, w e assume that the age is described by a Gaussian
istribution with mean μ (the median age reported in the cata-

ogue) and standard deviation σ (derived from the 16th and 84th
ercentile ages assuming a normal distribution). To incorporate
his observational uncertainty, we marginalize over τ by taking
ur final posterior PDF of a to be 

(a | { x i } , μ, σ ) = 

∫ 
L ({ x i } | a, τ ) P (τ | μ, σ ) d τ, (16) 
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Figure 9. Cumulative distribution corresponding to the marginal poste- 
rior distribution, P (a | { x i } , μ, σ ) , for HSC 2282, giv en its observ ed action 
differences { x i } , age μ = 148 . 17 Myr and σ = 125 . 64 Myr. This CDF is 
derived for the non-truncated assumption (see main text). The median 
logarithmic initial size a 50 = log d init50 (in units of pc) is shown as the 
solid green vertical line while the 84th and 97th percentile upper limits 
a 84 = log d init84 and a 97 = log d init97 are shown as the two dashed green 
vertical lines to its right. 
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Figure 10. Distribution of the inferred median logarithmic initial sizes 
( a 50 ; in units of pc) for all streams in our sample. The shaded histogram 

highlights the subset of ‘w ell-fit’ streams, select ed by applying a cut on 
their L 1 f values. The top panel shows results derived from the full pos- 
terior probability distribution, P (a | { x i } , μ, σ ) , which is the appropriate 
distribution if the observed samples are complete, while the bottom panel 
shows those obtained from the truncat ed post erior distribution, which 
corresponds to the assumption that the observational samples are system- 
atically missing stream members with large action differences. 
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here P (τ | μ, σ ) is a Gaussian distribution with mean μ and 

ispersion σ . In practice, we perform this age marginalization by 
rawing ∼10 4 samples from the age distribution of the stream 

nd evaluating conditional likelihood at each sampled age τ using 
quation ( 14 ). Then, the likelihoods are averaged over the ensem-
le to obtain the age-marginalized posterior given by equation 

 16 ). Again, we carry out this pr ocedur e for both the truncated
nd non-truncat ed v ersions of P 1D . For numerical stability, w e
estrict the sampled ages to τ � 397 Myr, since at later times the
umber of simulation pairs falls below 2 × 10 6 , leading to noisy
tatistics as seen in Section 3 . From the final posterior probability
istribution P (a | { x i } , μ, σ ) , we report the median ( d init50 ), 84th
 d init84 ), and 97.5th ( d init97 ) percentile, which provide a median
stimate and upper confidence limits on d init . 5 We show the CDF
orresponding to the posterior for our e xample str eam HSC 2282
n Fig. 9 . 

Finally, to quantify how well the simulation and observed dis- 
ributions agree, we compute the L 

1 distance between them at 
ach age sampled: 

 

1 ( τ ) = 

1 
2 

∫ ∣∣P post ( x | a ml , τ ) − P obs (x) 
∣∣ d x, (17) 

here a ml is the maximum-likelihood estimate of a = log d init . 
he factor of 1 / 2 ensures that L 

1 (τ ) ranges from 0 for identical
istributions to 1 for completely non-overlapping ones. The final, 
ge-marginalised value of L 

1 for the stream is then: 

 

1 
f = 

∫ 
L 

1 ( τ ) P ( τ | μ, σ ) d τ. (18) 
 We do not report lower percentiles because, to remind readers, the values 
e obtain are always upper limits because they are derived under the 

ssumption of negligible action separation at birth; any finite difference 
n the actions of stream members at birth would yield lower estimates of 
 init . 

t  

d
s
i  

a  

t  

<  

6

his L 

1 
f serves as a global diagnostic of how well the simulated

istribution and its best fitting d init r epr oduces the observed one,
ith lower values correspond to better agreement. As usual, we 

ompute this diagnostic both using the full simulation data set 
nd the version where we assume that the high δrel �J z tail is
runcated by observational selection effects. 

.3 Results and discussion 

ig . 10 pr esents the distribution of inferr ed median initial sizes
 a 50 ) for all the streams in our sample. The top panel shows the
alues obtained from the full posterior probability distribution 

hat corresponds to assuming no observational incompleteness, 
hile the bottom panel shows the results derived from the trun-

at ed v ersion of the distribution that corresponds to assuming
hat all high δrel �J z stars have been missed. Fig. 11 displays the
istribution of the corresponding L 

1 
f and L 

1 
f , trunc values for all 

treams, which quantify the quality of the fit – smaller values 
ndicat e bett er agreement betw een the observ ed and modelled
ction-difference distributions. Most streams exhibit L 

1 � 0 . 2 ,
hough the distribution shows a mild tail towar ds poor er fits (still
 0 . 5 ). We mark the 90th percentiles of the two distributions with
MNRAS 548, 1–19 (2026) 
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Figure 11. Distribution of the L 1 f (purple; broader distribution) 
and L 1 f , trunc (gr een; mor e concentrat ed t oward low er v alues) v alues that 
characterize how well the observed distribution of action differences 
matches the best-fitting simulation-predicted distribution. The black solid 
line r epr esents the 90th per centile of L 1 f while the dashed line shows the 
same for L 1 f , trunc . 

Figure 12. Cumulative distributions of the inferred logarithmic initial 
sizes (median a 50 , 84th percentile a 84 , and 97.5th percentile a 97 ) for the 
‘well-fit’ streams in our sample represented by the colours specified in the 
legend. Higher percentile curves are systematically shifted towards larger 
sizes, reflecting the broader upper bounds on the inferred distributions. 
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ertical black lines (solid for L 

1 
f and dashed for L 

1 
f , trunc ), which

ffectiv ely delineat e the tail r egion. Str eams to the left of this
ine are considered well-fit by our model. The filled histograms
n the top and bottom panels of Fig. 10 show the median initial
ize distributions for these ‘well-fit’ streams, while the unfilled
istograms show the results if we do not omit these less well-
t streams; the overall shape of the distribution remains largely
nchanged after this quality cut. To illustrate the associated un-
ertainties in the inferred sizes, Fig. 12 shows the CDFs of median
nitial size ( a 50 ) along with the 84th and 97.5th percentile initial
ize ( a 84 , a 97 ) for the entire sample. 

All derived quantities – including the median, 84th, and 97.5th
er centiles of inferr ed initial sizes, corr esponding L 

1 
f statistics

for both the full and truncated probability distributions), stream
ame, and its median stellar age – are compiled in Table 1 . We
lso provide an estimated completeness fraction, f comp , of each
tream’s membership under the hypothesis that high action dif-
NRAS 548, 1–19 (2026) 
er ence str eam members have been missed – see Section 4.4 for
ull details of how we compute this quantity. The complete table
s available in a machine-readable format as supplementary ma-
erial. 

Examining the distribution of the inferred initial sizes in
ig. 10 , we find that the streams span more than three orders of 
agnitude in d init50 . We note that these streams have an average

resent size of ∼30 pc. The fact that most inferred birth sizes are
 ens t o hundreds of times smaller suggests that a large fraction
f these syst ems w ere compact st ellar clust ers that hav e since
ecome unbound and dispersed along their orbits. We interpret
he left side of the distribution, where d init50 � 3 pc, as r epr e-
enting these compactly born objects, whose members have grad-
ally phase-mixed to produce the extended kinematic streams
bserv ed t oday. In contrast, the right side of the distribution
ontains objects with inferred initial sizes of several hundreds to
housands of parsecs, comparable to or larger than their current
ize. Such systems could not plausibly have been bound clusters
n the past. Inst ead, w e propose that these groups were formed
hr ough r esonant pr ocesses, in which stars ar e trapped or aligned
n action space by non-axisymmetric perturbation in the Galactic
otential. These mechanisms have been associated with spiral
rms and bar resonances (e.g. J. A. Sellwood 2010 ; S. Khoperskov
t al. 2020 ; W. H. Trick et al. 2021 ; P. A. Palicio et al. 2023 ), which
an generate coherent moving groups without a common birth
rigin (M. De Leo et al. 2025 ). The action difference distributions
f these systems resemble those of randomly selected stars in our
imulation (where correlations in action differences have already
ecoher ed; see Fig . 3 ), consistent with a non-coeval, resonance-
riven origin. Another possibility is that some of these groups
ith large initial birth size consist of stars that formed in the same

arge-scale complex or with high-initial velocity dispersion, lead-
ng to an intrinsic spread in birth actions that mimics a coherent
inematic substructure at the present day. 
In order to demonstrate that our analysis method is picking

p on real differences in stellar properties when assigning some
treams small d init and others much larger values, in Fig. 13
e provide a representative comparison between the observed

ction-difference distributions for two stream cases: Theia 323,
ith inferred birth size of 0.3 pc, and HSC 1964, which has an

nferred birth size of 363.4 pc. It is clear from the figure that Theia
23 shows visibly lower pair-wise action differences than HSC
964. This validates our Bayesian inference framework, demon-
trating that it is capturing real variations in the action-space
oherence of stellar groups. 

We further examine whether the inferred initial sizes depend
ystematically on the age of the stream. In Fig. 14 , we plot the
oint distribution of a 50 = log d init and median stellar age for each
tream, using age estimates from the E. L. Hunt & S. Reffert
 2024a ) catalogue. We find that streams identified as disrupting
lusters (those lying to the left of the figure) span the full age
ange of our sample, with no obvious bias to young or old age.
hose with large inferred initial separations based on their action
ifference distribution are mildly biased to younger ages, but not
y a very significant amount. If these objects share a common
rigin as initially extended or dynamically hot structures, this
rend can be understood as a selection effect: As such dynamically
ot objects age, they will be less likely to remain as coherent
tructures that could be identified in the present-day data, and
hus would be selected against. Alternatively, if these objects
riginate from Galactic resonances, the mild bias to the younger
ges can be explained as follows: Dynamically cold populations
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Table 1. Summary of inferred parameters for the first 10 streams (alphabetically) in our sample. Columns list the stream name, median stellar age (in 
Myr), present-da y ph ysical size (in pc), inferred initial size per centiles fr om both the full and truncat ed post erior distributions (all in pc), associat ed L 1 
norms quantifying the fit quality, and the completeness fraction f comp . The stream name, median stellar age, and present-da y ph ysical size are taken 
from E. L. Hunt & S. Reffert ( 2024a ). The full table is provided in machine-readable format (check Data Availability). 

Cluster name Median age Present size d init 50 d init 84 d init 97 L 1 f d trunc 50 d trunc 84 d trunc 97 L 1 f ,trunc f comp 
(Myr) (pc) (pc) (pc) (pc) (pc) (pc) (pc) 

ASCC_100 64.89 21.17 0.28 0.42 0.65 0.19 0.38 0.70 1.42 0.16 0.91 
ASCC_104 121.70 32.19 476.77 871.23 983.36 0.16 493.33 885.88 985.08 0.18 0.98 
ASCC_18 9.26 16.17 0.45 0.62 3.21 0.09 0.63 0.85 3.24 0.10 0.95 
ASCC_33 215.38 21.42 0.31 0.73 1.86 0.17 0.83 2.97 14.56 0.14 0.85 
ASCC_69 72.90 26.99 0.25 0.48 0.99 0.15 0.92 2.92 13.87 0.11 0.82 
ASCC_73 158.29 38.93 0.32 1.34 2.83 0.18 29.21 49.36 73.43 0.08 0.85 
Alessi-Teutsch_4 132.97 28.06 0.20 0.35 0.62 0.32 0.48 1.20 3.11 0.16 0.67 
Alessi_13 24.75 42.07 659.41 819.64 983.16 0.06 666.91 879.90 989.71 0.06 0.99 
Alessi_145 168.03 82.18 0.30 0.45 0.74 0.27 0.53 0.94 1.71 0.14 0.84 
Alessi_84 117.08 27.70 0.42 0.74 1.45 0.14 0.48 0.88 1.57 0.15 0.99 

Figure 13. The observed pairwise action differences logarithm { x i } dis- 
tribution for two r epr esentative str eams: (i) Theia 323 (in pink) with 
inferred initial size d init50 = 0 . 3 pc, indicative of a compact origin stream; 
and (ii) HSC 1964 (in grey) with inferred initial size d init50 = 363 . 4 pc, 
r epr esentative of a resonant structure. The distribution for Theia 323 
shows visibly lower pair-wise action differences than HSC1964. 

Figure 14. Distribution of the inferred median logarithmic initial sizes 
( a 50 ) for all streams in our sample, plotted as a function of their me- 
dian stellar ages (black points). Blue contours indicate regions of higher 
density in the (a 50 , age ) plane, highlighting the overall structure of the 
distribution. 
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r e mor e susceptible to being captured by resonances, while older
opulations having already been heated by secular processes and 

erturbations are less likely to retain a coherent signature of 
eing trapped in a resonance. 

.4 Completeness of the data 

f we adopt the hypothesis that the distribution of action differ-
nces δrel �J z is truncated at the high end because the stream
embership lists are incomplet e, w e can use the comparison

etw een the observ ed distributions and our best-fitting models 
 o estimat e what fraction of stream members have been missed.

e quantify this by for each stream defining the completeness 
raction, f comp , which w e comput e by comparing the CDF of 
bserved action differences for the stream members with that 
f a non-truncated probability distribution P 1D (x | a, τ ) , which
 epr esents the expected distribution in the absence of incom-
let eness/truncation. Here, w e take x = max (x i ) – the logarithm
f largest observed action difference, and a = d trunc50 – the in-
erred initial size of the stream assuming truncation. The key 
dea is that the non-truncated probability distribution derived 

rom our simulation data, P 1D (x | a, τ ) ), is considered the ‘true’
ction difference distribution. How ev er, due t o incomplet eness in
bservational data, we can not directly observe this distribution. 
nst ead, w e use the truncated model to estimate the best-fitting
nitial size, d trunc50 , and use this to assess how the true action dif-
erence distribution should appear. By comparing this theoretical, 
on-truncated distribution to the observed distribution, we can 

etermine the fraction of stream members that are likely missing. 
or example, in the case of HSC 2282, the best-fitting initial size is

ound to be d trunc50 ≈ 9 pc. As shown in the upper panel of Fig. 8 ,
he observed CDF reaches ≈75 per cent of the model CDF for 
 trunc50 = 9 pc (orange curve, as indicated in the legend). This

mplies that the stream membership is about 75 per cent com-
lete, with the remaining 25 per cent of members likely missing
rom the current catalogue. We emphasize that this is likely an
pper limit on the true lev el of incomplet eness, and a low er limit
n the completeness, since it is derived under the assumption
hat all of the discrepancy between observed and modelled action 

ifferences at high δrel �J z is due to incompleteness. 
We show the distribution of the completeness fractions for 

ll streams calculated using this approach in Fig. 15 . The blue
istogram r epr esents f comp for all the str eams in our sample.
ow ev er, it may not be meaningful to assess the ‘completeness’
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Figure 15. Distribution of the completeness fraction ( f comp ) for all 
streams in our sample shown in blue. The pink histogram shows the same 
only for streams whose inferred initial size d trunc50 < 10 pc so they likely 
began as compact clust ers inst ead of the pr obable r esonant structur es. 
This separation is useful to e xplor e whether the streams that are more 
likely to have formed as compact clusters exhibit different completeness 
characteristics. 
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f streams with large inferred initial sizes, since they most likely
o not share a common origin. To address this, we also show the

f comp distribution for streams with inferred sizes d trunc50 < 10 pc,
hich are likely t o hav e been compact clusters in the past. The
istribution for this subset of streams is shown in pink in the
gure. We find that only a small fraction of members are missing.
he median f comp for all streams is 0.93, and for streams with
 trunc50 < 10 pc, it is 0.91. Thus, about 10 per cent of the stream
embers are likely missing on average, with these missing mem-

ers most likely concentrated in the high-tail end of the action
ifference distribution. 
While this analysis suggests that incompleteness is modest, its

ffects are significant. Comparison between the top and bottom
anels of Fig. 10 highlights how missing data can significantly
ffect the inferred size distribution of the streams. In the non-
runcat ed case (t op panel), w e assume that none of the members
re missing and that there is no high-tail end in the observed
ction differences. This results in most streams having small in-
erred initial sizes. How ev er, when w e account for the possibility
hat the observational membership is incomplete and truncate
ur simulation model distribution at the highest observed action
ifference value, we obtain systematically larger initial sizes, as
hown in the bottom panel. The non-negligible difference in the
istributions demonstrates that the presence or absence of the
igh-action-difference tail can have a significant effect on the

nferred initial size. If these members e xist but ar e not det ect ed,
he true birth size of the stream must be larger to account for the

issing high-action-difference tail. 
This implies that if we wish t o improv e our ability to differen-

iat e betw een disc streams that r epr esent large birth scale pop-
lations and those that r epr esent dispersion clusters, it is criti-
al to improve, or at least better characterize, the completeness
f stream membership lists. The improvement is most needed
or high-action-difference stars whose kinematic properties may
lace them at the edges of the observed action-space distribution,
ot entially leading t o their e x clusion fr om str eam catalogues. One
ossible approach to this problem would be to expand the search

n chemical space, by using the chemical properties of stars such
NRAS 548, 1–19 (2026) 
s elemental abundances to identify stream members. The use
f chemical abundances in addition to kinematic data is becom-
ng increasingly feasible with large, high-resolution spectroscopic
urveys like the APOGEE survey (Abdurr o ’uf et al. 2022 ), and
ALAH (S. Buder et al. 2025 ) which provide precise elemental
bundances for stars across the Milk y Wa y. By combining both
ction and chemical space, we may be able to identify members
hat would otherwise be missed in a search based solely on posi-
ion and kinematic information. 

.5 Caveats 

ev eral cav eats must be considered when interpreting these re-
ults. First, since we specifically chose ‘unbound’ stars in the
imulation analysis, our r esults ar e based on the assumption that
ll stream members have been unbound for their entire lifetime.
hile the E. L. Hunt & S. Reffert ( 2024a ) catalogue classifies these

roups as ‘moving groups’ (and unbound) based on their Jacobi
adii, many would have been bound in the past for a fraction of 
heir age. Strictly speaking, the relevant age for our model would
hen be the time since they became unbound. How ev er, giv en the
arge uncertainties in age estimates (typically � 30 per cent ), this
istinction has limited practical impact. 
Secondly, the inference framework assumes that our simula-

ion library is based in the relevant range of the Galactic environ-
ent in which the streams we are applying it t o hav e been. The

imulation samples the full Galactic disc, providing a population-
veraged model. Consequently, applying these results to a spe-
ific Galactic region requires caution. Young clusters residing in
ighly perturbed environment (e.g. near the bar, or in a tidally
isrupted area) may experience stronger diffusion than is implied
y our global calibration. How ev er, older syst ems, which hav e
rbited the Galaxy multiple times and sampled diverse environ-
ents, ar e e xpect ed t o be bett er r epr esented by our population-

veraged model. 
Finally, the reliability of our inferred quantities ultimately de-

ends on the accuracy of stream membership, radial velocity
easur ements (which ar e oft en absent or hav e large uncertain-

ies), the adopted Galactic potential model, and the appr o xima-
ions inv olv ed in the computation of actions. The improv ed as-
rometry and increased availability of radial velocity in the up-
oming Gaia DR4 will mitigate some of these limitations. A more
ompr ehensive, err or-inclusive analysis that pr opag ates the ob-
ervational uncertainties is planned for future work. 

It is also important to re-emphasise that our inferred initial
ize estimates r epr esent upper limits. The model assumes that the
r oup members wer e initially colocated in action space (i.e. had
egligible initial �J). If the true birth action spread were non-
er o, a mor e compact initial configuration would be r equir ed to
 epr oduce the same observed action differences in the present. In
ddition, as mentioned in Section 2.1 , we may be overestimating
he rate of action decoherence due to the resolution of our sim-
lation’s star particles. This, too, biases our inferred initial sizes

owards an upper limit. 
Overall, our findings support a dichotomy in the nearby kine-
atic substructures: (i) Disrupted star clusters that have evolved

nt o coherent st ellar str eams, and (ii) r esonant or dynamically
nduced moving groups with no common formation origin. This

ethod provides a new pathway to constrain the origins of 
treams, complementing chemical tagging and orbit integration
pproaches, and lays the groundwork for systematic application
o the growing catalogue of streams uncovered by Gaia . 



Action-spac e c oher enc e in the Galactic disc 15 

5

I  

W  

i
i  

fl  

f

 

s  

s
t
p  

d
t

i
h  

a
p
d
s  

d
s
a

s
d  

p
d
d
s
d
a  

i
t

l
b
t  

b
A  

c  

a
p

s
t
e  

n
G  

t

t
e
M
s
t  

e
p
a  

v  

G
p
c
u
a  

r

A

T  

f
a  

b
j
s

D

T  

h
c  

n  

p

R

A
A
A  

A  

A  

A  

B  

B
B  

B
B  

B
B
B  

B
C
C  

C  

D  

D  

D  

F
F
F
F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/2/stag620/8566290 by Australian N
ational U

niversity Library (IN
AC

TIVE) user on 11 August 2026
 CONCLUSIONS  

n this paper, we use high-resolution MHD simulation of a Milky
a y -like galaxy to examine how stars that form together evolve

n action space within a fully self-consistent environment that 
ncludes gas dynamics, star formation, and a live stellar disc with
occulent spiral arms. The main outcomes of our study are as

ollows: 

(i) Stars born in close pr o ximity to each other maintain
tr ongly corr elated actions thr oughout the ∼0 . 5 Gyr period of our
imulation. Their action differences show much smaller change 
han those of stars born farther apart, remaining well below 50 
er cent in relative change. In contrast, pairs separated by larger
istances at birth show uncorrelated evolution, consistent with 

he stochastic diffusion seen for individual stars. 
(ii) The spatial scale over which conatal stars lose correlation 

n action space varies by action component. Vertical action co- 
er ence br eaks down ov er sev er al hundred parsecs, while r adial
nd azimuthal components become decorrelated only on kilo- 
arsec scales. These differences reflect the dominant physical 
rivers of action evolution: Vertical actions are perturbed by local 
tructures such as GMCs (vertical disc scale height is of the or-
er of hundred parsecs), while radial and azimuthal actions are 
haped by large-scale non-axisymmetric features such as spiral 
rms which operate on kiloparsec scales. 

(iii) We find no strong dependence of the degree of action- 
pace coherence on Galactocentric radius. Across most of the 
isc, stars born close together in both the inner and outer disc ex-
erience similar levels of correlated perturbation, implying that 
iffer ent pr ocesses perturb their actions collectively rather than 

ifferentially i.e. they are moving together in logarithmic action 

pace rather than being spread apart. A modest enhancement in 

ecoherence is observed in the innermost radial bins, particularly 
t lat e times; how ev er, these r egions ar e str ongly affected by lim-
t ed statistics prev enting us from drawing firm conclusions about 
he underlying physical origin of this behaviour. 

(iv) We construct a pr obabilistic infer ence framework that 
inks the present-day action distributions of disc streams to their 
irth scales, using the library of action-difference evolution from 

he simulation. This allows the typical initial size of a stream to
e estimated from its observed phase-space structure and age. 
pplying this framework to the E. L. Hunt & S. Reffert ( 2024b )

atalogue, w e deriv e initial size estimates for 438 moving groups
nd quantify their fit quality and membership completeness. We 
rovide these results as a resource for the community. 
(v) The inferred birth sizes suggest a dichotomy among the disc 

treams. Most systems likely were in the past compact clusters 
hat have since dispersed into streams, while others appear too 
xt ended t o hav e been bound and are bett er e xplained by r eso-
ant or dynamically induced structures – possibly linked to the 
alactic bar, spiral arms, or large star-forming comple x es – rather

han by common birth origin. 

Together, these results establish the characteristic spatial and 

emporal scales over which conatal stars lose dynamical coher- 
nce in the realistic Galactic environment of our high-resolution 

HD simulation. B y e xplicitly connecting pr esent-day action- 
pace structure to stellar birth separations, we provide a quanti- 
ative calibration of how clustered star formation maps on to the
volving phase-space distribution of disc stars. This framework 

rovides a method for conatal tagging, complementing chemical- 
bundance and orbital methods in the Milk y Wa y disc. The ad-
 ent of improv ed astrometry and radial v elocity cov erage with
aia DR4 and future spectroscopic surveys will make such com- 
arisons increasingly powerful. Incorporating observational un- 
ertainties into our inference framework, and extending the sim- 
lation suit e t o include additional large-scale perturbations such 

s the Galactic bar will make this appr oach dir ectly applicable to
eal data. 
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P P E N D I X  A:  D E P E N D E N C E  ON  N E I G H B O U R  

U M B E R  

n Section 2.3 , we use the distribution of the fifth nearest neigh-
our to identify stars that have dispersed from their natal clusters.
n this appendix, we verify that our results are not sensitiv e t o the
NRAS 548, 1–19 (2026) 
pecific choice of fifth nearest neighbour rather than some other
umber. In Fig. A1 , we plot the distribution of neighbour dis-

ances computed using the 3rd, 7th, and 10th nearest neighbours,
oth for our simulation results and for our control unclustered
ample; this figure may be compared directly to Fig. 2 of the
ain text, which is computed for the fifth nearest. The figure

hows that adopting neighbour numbers from k = 3 to 10 yields
 esults that ar e qualitativ ely v ery similar t o using the fifth nearest,
ncluding the emergence of a bimodal separation distribution at
ater ages. In all cases, the location of the minimum separating
he clustered and dispersed populations depends only weakly on
he number of neighbours, k. 

We do observe that the control distribution (the black curve)
hows greater sensitivity to the neighbour number k. This arises
rom the different ways nearest-neighbour statistics sample point
ets with and without clustering. In an unclustered population
uch as the control distribution drawn from a smooth back gr ound
ensity, higher values of k correspond to progressively larger
pheres enclosing additional points, so the k-th nearest neigh-
our distance distribution shifts more markedly with k. For a
lustered population, on the other hand, the closest neighbour
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Figure B1. Same as the first panel of Fig. 3 but with different sample 
selection criteria: The top panel shows results where we retain in our 
sample stellar pairs separated by at least 15 pc at 100 Myr, the middle 
panel shows our fiducial value of 30 pc (and is ther efor e identical to the 
top panel of Fig. 3 ), and the bottom panel shows results for 60 pc. 
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p to a moderate value of k will all sample the same compact
tructure, so the first peak of this distribution, which identifies 
he cluster scale, changes very little with k. The second peak of 
he clustered simulation distribution, corresponding to stars that 
ave dispersed beyond the cluster scale, is naturally broader and 

ccurs at larger distances. It varies with k because increasing k 
ill include more distant stars when computing the k-th nearest 
eighbour. 
Increasing k tends to reduce variance in the neighbour- 

istance estimate and narrow the distributions, making features 
uch as the separation of peaks more pronounced, but may also
ntroduce smoothing bias if k is too larg e. This bias -variance
rade-off is well recognized in the literature (L. Beraldo e Silva 
t al. 2025 ) and motivates our choice of k = 5 as a conservative
ompromise that balances sensitivity to genuine clustering with 

tability against noise. 

P P E N D I X  B :  T E ST I N G  ALTERNATIVE  

H R E S H O L D  SEPARATIONS  

n the main t ext, w e define our sample of stars that have drifted
part, on which we base our analysis, by requiring that stellar
airs must have a separation greater than 30 pc at �t = 100 Myr
ft er birth. Here, w e t est the sensitivity of our results t o this choice
y repeating the analysis in our paper using alt ernativ e threshold
eparations of 15 and 60 pc (i.e. a factor of two smaller and larger
han our fiducial value). We show the median absolute change in
ction difference for radial, azimuthal, and vertical components 
igs B1 –B3 , with increasing threshold separation – 15 pc in the

op panels, 30 pc in the middle panels, and 60 pc in the bottom
anels. The middle panels here are identical to the results shown

n Fig. 3 , but we repeat them here for easy comparison. The
gures demonstrate that changing our criteria for separated stars 
y fact ors of tw o in either direction does not qualitatively affect
ny of the results presented in this work – indeed, the different
anels are almost indistinguishable. We therefore retain the 30 
c threshold for the selection of the stellar pairs used in the main
nalysis. 
MNRAS 548, 1–19 (2026) 
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Figure B2. Same as Fig. B1 but for azimuthal action difference change, 
δabs �J φ . 

Figure B3. Same as Fig. B1 but for vertical action difference change, 
δabs �J z . 
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Figure C1. Same as Fig. 10 but now showing the 50th percentile of 
the inferr ed log arithmic initial sizes ( a 50 ) after removing possible out- 
liers from each stream’s membership list. Outliers were identified and 
e x cluded using a 3 σ cut in radial velocity. 
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P P E N D I X  C :  T E ST I N G  T H E  EFFECT  OF  

OT E N T I A L  O U T L I E R S  I N  M E M B E R S H I P  

I ST S  OF  OBJECTS  

n Section 4.1 , we mention that the membership determination 

n E. L. Hunt & S. Reffert ( 2024b ) does not incorporate radial
elocities, so a small fraction of stars may be misclassified as
embers due to discrepant velocities. To assess the robustness of 

ur results to this potential contamination, we repeat the analysis 
fter removing stars whose radial velocities deviate by more than 

 σ from the mean radial velocity of their associated group. We 
hen recompute the 50th percentile of the inferred logarithmic 
nitial sizes ( a 50 ) for each str eam. The r esults ar e shown in Fig . C1 .

e find that e x cluding these potential outliers does not signifi-
antly alter the shape of the distribution of inferred initial sizes,
emonstrating that our conclusions are robust to membership 

ncertainties in the catalogue. 
MNRAS 548, 1–19 (2026) 
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