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ABSTRACT

Context. The local stellar halo of the Milky Way contains the debris from several past accretion events.

Aims. Here we study in detail the structure and properties of nearby debris associated with the Helmi streams, which was originally
identified as an overdensity in integrals of motion space.

Methods. We use 6D phase-space information from Gaia EDR3 combined with spectroscopic surveys, and we analyse the orbits
and frequencies of the stars in the streams using various Galactic potentials. We also explore how the Helmi streams constrain the
flattening, g, of the Galactic dark matter halo.

Results. We find that the streams are split into substructures in integrals of motion space, most notably into two clumps in angular
momentum space. The clumps have consistent metallicity distributions and stellar populations, supporting a common progeny. In all
the realistic Galactic potentials explored, the Helmi streams’ stars depict a diffuse distribution close to Q,/Qg ~ 0.7. At the same time,
the reason for the substructure in angular momentum space appears to be a Q,:Q, resonance close to 1:1. This resonance is exactly
1:1 in the case where the (density) flattening of the dark halo is ¢ = 1.2. For this halo shape, the substructure in angular momenta is
also long-lasting.

Conclusions. Our findings suggest that the structure of the Galactic potential leaves a clear imprint on the properties of phase-mixed

debris streams.

Key words. Galaxy: kinematics and dynamics — Galaxy: halo — Galaxy: structure

1. Introduction

Thanks to Gaia data (Gaia Collaboration 2018), the debris
of several mergers has recently been unequivocally iden-
tified in the halo near the Sun, such as the dominant
Gaia-Enceladus (Belokurov et al. 2018; Koppelman et al. 2018;
Helmi et al. 2018, with possible earlier hints in Chiba & Beers
2000; Brook et al. 2002; Meza et al. 2005; Nissen & Schuster
2010; Hayes et al. 2018). We refer the reader to Sect. 4.2.1
of Helmi (2020) for historical context regarding the discov-
ery of Gaia-Enceladus. Other confirmed or newly discovered
substructures include the Helmi streams (Helmietal. 1999;
Koppelman et al. 2019a), Sequoia (Myeong et al. 2019), and
Thamnos (Koppelman et al. 2019b). Farther out in the halo,
the proposed debris of several smaller mergers has also been
identified: Wukong, Aleph, I'itoi and Arjuna (see Naidu et al.
2020, although Arjuna is plausibly related to Gaia-Enceladus,
see Naidu et al. 2021). The basic concept behind the identifica-
tion of phase-mixed debris from accreted galaxies is that they
are apparent as clumps in the integrals of motion space, such
as energy and angular momenta, even long after the merger is
completed (Helmi & de Zeeuw 2000).

Not all substructure, however, has an accreted origin. The
Sagittarius dwarf galaxy seems to be the cause of a large amount
of substructure, such as the phase spiral (Antoja et al. 2018),
ridges in V4—R space (Ramos et al. 2018; Laporte et al. 2019),
and several low-latitude overdensities (e.g. the Monoceros Ring;

Article published by EDP Sciences

Laporte et al. 2018). Meanwhile, the rotating bar at the centre of
our galaxy is, for example, the cause of the Hercules stream in
the nearby disc (Dehnen 2000), and it also has an impact on the
morphology of the stream originating in the halo globular cluster
Pal 5 (Pearson et al. 2017).

These last substructures are induced by time-dependent
effects that cause changes in a star’s orbit and, for example in
the case of the bar, force stars onto specific orbital families. The
underlying (static) Galactic potential can also cause ‘observable’
substructure in the space of orbital parameters. For example,
Amarante et al. (2020) and Koppelman et al. (2021) have shown
that the wedges seen in zZmax—Fmax Space (see e.g. Haywood et al.
2018) are related to the transitions between different orbital
families associated with resonances and chaotic regions in our
galaxy.

How resonances and orbital families are populated in a sys-
tem can in principle be used to constrain the form of its gravita-
tional potential, for example the shape of its halo (Valluri et al.
2012). Furthermore, streams near a resonance may remain spa-
tially coherent on longer timescales because their stars spread
out more slowly (Vogelsberger et al. 2008). However, if the tidal
debris is initially at the boundary between two orbital families
(a separatrix), then, depending on the size of the system, the
stars may evolve on widely different orbits and diverge much
faster (Price-Whelan et al. 2016; Mestre et al. 2020; Yavetz et al.
2021), making such streams more difficult to detect. Understand-
ing these different effects and mapping out the orbital resonances
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in the Galactic potential is thus important for the identification
and interpretation of substructures.

In this paper we revisit the Helmi streams’ debris with the
recently released Gaia Early Third Data Release (EDR3) data.
First identified by Helmi et al. (1999, see also Chiba & Beers
2000; Kepley et al. 2007; Smith et al. 2009) and characterised
further with Gaia Data Release 2 (DR2) by Koppelman et al.
(2019a, hereafter K19), the Helmi streams are thought to be
the debris of a massive dwarf galaxy, M, ~ 108 M, that was
accreted ~5—8 Gyr ago. Here we show that the stars’ distribution
in angular momentum space exhibits substructure, and we inves-
tigate its origin. We demonstrate that the stellar debris popula-
tions in the substructures are indistinguishable from one another
and put forward the case that the substructure results from
the presence of orbital resonances associated with the Galactic
potential, particularly Q./Q, ~ 1. We find, in fact, that if the
flattening of the dark matter halo component in the McMillan
(2017) Milky Way mass model is ¢ = 1.2 (in the density), this
ratio is exactly 1. We thus argue that this is likely the preferred
shape of the halo for the region probed by the Helmi streams,
namely within ~5-20 kpc of the Galactic centre.

This paper is structured as follows. Section 2 outlines the
data used to select the Helmi streams, combining Gaia EDR3
with spectroscopic surveys. In Sect. 3 we present our results.
Specifically, in Sect. 3.1 we show that all of the substructures
in angular momentum space have consistent stellar populations,
demonstrating that all of the stars are Helmi streams’ debris. We
explore the origin of the substructure in Sect. 3.2 using orbital
frequency analysis (which is described in detail in Appendix A),
while in Sect. 3.3 we demonstrate the sensitivity of the substruc-
ture to the flattening of the Galactic dark matter halo. Then in
Sect. 4 we present our conclusions.

2. The data
2.1. Generalities

The latest data release of Gaia, EDR3, has provided more accu-
rate proper motions and parallaxes and hence more accurate
6D phase-space information for nearby stars (Gaia Collaboration
2021). This dataset contains ~1.7 billion sources, of which
7209 831 stars have the full 6D information (position on the sky,
proper motions, parallax, and radial velocity from DR2). Select-
ing objects with parallax_over_error>5 and RUWE< 1.4
leaves 5709 139 stars within a 5 kpc volume around the Sun (and
4496 187 within 2.5 kpc). We extended this sample with radial
velocities from spatial cross-matches with the following spectro-
scopic surveys: APOGEE DR16 (Ahumada et al. 2020), LAM-
OST DR6 (Cuietal. 2012), Galah DR3 (Buder et al. 2021),
and RAVE DR6 (Steinmetz et al. 2020). In total, this results
in 9148793 stars in the 5kpc volume (respectively, 7531934
within 2.5 kpc) with 6D phase-space information and high qual-
ity parallaxes. We used where possible the Gaia-measured radial
velocities, supplemented then by Galah, APOGEE, RAVE, and
finally LAMOST! in that order of preference. These spectro-
scopic surveys also provide metallicities [Fe/H] for some of the
stars in this sample, and we used the LAMOST low resolu-
tion (LRS) metallicities for the analyses presented in this paper
(because of the large numbers of targets and to ensure a uniform
metallicity scale).

I The LAMOST LRS radial velocities have been corrected for the off-
set of 7.9km s~ with respect to the other surveys; see http://dr6.
lamost.org/v2/doc/release-note
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Fig. 1. Helmi streams’ stars within 2.5 kpc are distributed in L,—L, in
two clumps: hiL (red) and loL (blue). The remainder of the stars in our
halo sample in the 2.5kpc volume are shown in black. Dashed lines
show the selections used previously by K19 for the Helmi streams’
debris. Top panel: stars with radial velocities from Gaia, middle panel:
stars in the sample. The average uncertainties of the Gaia radial velocity
sample (RVS) stars (27.7% of the extended sample) and the LAMOST
LRS stars (60% of the extended sample) are shown by the black error
bars in the top and middle panel, respectively. The uncertainties of the
remaining stars in the sample (12.3%) are similar to those of the RVS.
Bottom panel: shows how the stars are distributed in L,—E space.

The quality cut on the parallaxes allows us to use the inver-
sion of the parallax to estimate the distance, after applying a
zero point offset of —17 pas (Lindegren et al. 2021). We cor-
rected the stars for the solar motion using (U, V, W), =(11.1,
12.24, 7.25)kms~! (Schonrich et al. 2010) and for the motion
of the local standard of rest (LSR) using vy sgr =232.8km s
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Fig. 2. Distribution in velocity space of the stars in clump-hiL (red) and clump-loL (blue) associated with the Helmi streams and located within
2.5kpc. Both clumps populate the negative and positive v, streams, which is characteristic of the Helmi streams’ debris. The average velocity
uncertainties of these stars are shown by the black error bars in the top-left corner of each panel.
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Fig. 3. Colour-absolute magnitude diagram of Helmi streams’ members
within 2.5 kpc. Clump-hiL stars are shown in red and clump-loL in blue.

(McMillan 2017). Both the galactocentric Cartesian and cylin-
drical positions and velocities of the stars were calculated
assuming Ry =8.2kpc (McMillan 2017) and ze=0.014kpc
(Binney et al. 1997). We defined the coordinate system such that
x points towards the Galactic centre, y in the direction of motion
of the disc, and positive (negative) z is the height above (below)

the disc. Angular momenta, L, and L, = /L2 + L%, were cal-

culated for the stars with the sign of L, flipped such that it is
positive for prograde orbits. Energy, E, is computed with AGAMA
(Vasiliev 2019) and using the McMillan (2017) potential for the
Milky Way. This potential is axisymmetric and made up of a
stellar thin and thick disc, an HI gas disc, a molecular gas disc, a
bulge, and a Navarro-Frenk-White (NFW) halo, which by default
has a spherical shape.

2.2. Selection of the Helmi streams

Following K19, we selected the Helmi streams’ debris in L,
versus L, space and applied a cut in energy of E < —1.2 X
10° km? s~2. Figure 1 shows the stars selected in this space com-
pared to the entire sample, with the selections made in K19
outlined. When inspecting this by eye (or using a clustering
algorithm; Lovdal et al., in prep.), it is clear that the debris sep-
arates out into two clumps, one with high L,, which we name

[ Clump hiL: Mean [Fe/H] = -1.53

25 [ Clump loL: Mean [Fe/H] = -1.44
20
15

=2
10
5
0
-25 -20 -15 -1.0 -05 0.0
[Fe/H]

Fig. 4. Metallicity distributions for the stars in the Helmi streams in
clump-hiL (red) and clump-loL (blue), where available from LAMOST
LRS. Both clumps exhibit similar distributions, showing a broad range
in metallicities that peak around [Fe/H] ~ —1.5.

clump-hilL (red), and one with a lower L,, which we name
clump-loL (blue). This figure includes all stars within a 2.5 kpc
volume around the Sun, but the substructure is also present for
stars with distances up to Skpc. The two clumps and the gap
between them are most clearly seen in the top panel of Fig. 1,
which includes stars with radial velocities from Gaia only and
whose average radial velocity uncertainty is 2.1 kms~'. The few
stars in the middle panel of Fig. 1 that seem to populate the
gap region, L, ~ 1800-2000kpckms™!, all have LAMOST
LRS radial velocities and much larger average uncertainties of
12.7kms™". The bottom panel of Fig. 1 shows that the two
clumps overlap to some extent in L,—E space.

We next proceeded to associate stars with each of the clumps
as follows. Clump-hiL stars were selected using an ellipse cen-
tred on (L,, L) = (1225, 2255) kpc km s~ with major and minor
axis lengths of 855 and 570kpckms~!, respectively, rotated
by an angle of 30 degrees anti-clockwise. Clump-loL stars
were selected using an ellipse centred on (L,, L,)= (1420,
1780)kpckms™' with major and minor axis lengths of 860
and 430 kpckm s™!, respectively, also rotated by an angle of 30
degrees anti-clockwise. There are 154 stars in clump-hiL and
130 stars in clump-loL within the 2.5 kpc volume. Although the
remainder of the analysis presented is for this volume, we veri-
fied that the results remain valid for a larger volume of 5 kpc.

Figure 2 shows the Cartesian velocities of the stars colour-
coded according to their membership to the clumps. Their veloc-
ity distributions are consistent with those previously reported
for the Helmi streams. We observe negative and positive
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Fig. 5. Frequency space for the two angular momentum clumps. The red is clump-hiL (higher L, ) and the blue clump-loL. The dashed lines show

the relevant resonances that the Helmi streams populate or come close to.

v, kinematic groups that are populated in similar numbers by
stars from the hil. and loL clumps. In fact, the asymmetry in
the number of stars in the negative and positive v, groups (pre-
viously used by K19 to estimate the time of accretion) remains,
including when considering the two clumps in angular momen-
tum. It should be noted that stars with lower L, typically have
lower |v,|, since L, ~ R|v,| at the location of the Sun. We also
note that some of the stars in the hiL. clump with negative v,
appear to be in a kinematically cold sub-clump. This tight group
of clump-hiL stars likely corresponds to the S2 stream reported
by Myeong et al. (2018) and can be seen to be simply part of the
Helmi streams.

3. Results
3.1. Common origin

We now investigate the stellar populations and metallicity
distributions of the two clumps in angular momentum space
to establish if they have a common origin. Figure 3 shows
the colour-absolute magnitude diagram (CaMD) of the two
clumps, hilL and loL. We propagated the errors on the fluxes
and parallax into errors on the colour (Ggp—Ggrp) and Mg.
The stars that have a six-parameter astrometric solution have
had a correction applied to the G band photometry following
Gaia Collaboration (2021). The observed magnitudes have also
been corrected for extinction using the 2D Schlegel et al. (1998)
dust map and applying the Gaia passband extinction coefi-
cients? (Cardelli et al. 1989; O’Donnell 1994). Figure 3 reveals
no differences in the CaMD of the clumps.

Both clumps also show similar metallicity distributions, as
illustrated in Fig. 4, with clump-hiLL (113 stars) having a mean
[Fe/H] ~ —1.53 and clump-loL (86 stars) having ~—1.44, based
on their LAMOST LRS [Fe/H] measurements. A Kolmogorov—
Smirnov test comparing the metallicity distributions of the two
clumps yields a probability of 0.13 that the distributions are con-
sistent with each other.

3.2. Frequency analysis

The analysis of the previous section demonstrates that the stars
in the two angular momentum clumps have statistically indis-
tinguishable stellar populations, and this supports a common
origin. Thus, to explore the possible causes of the split in
angular momentum space, we now investigate in more depth the

2 http://stev.oapd.inaf.it/cgi-bin/cmd_3.4
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orbital properties of the two clumps. To this end, we integrated
each star’s orbit in the McMillan (2017) potential with AGAMA
(Vasiliev 2019). We integrated for ~100 Gyr in total, outputting
the positions and velocities at regular time steps of ~1 Myr.

We investigated the frequencies of the orbits by using a vari-
ation on the cylindrical polar coordinates (namely Poincaré’s
symplectic polar variables) following Valluri et al. (2012) and
Koppelman et al. (2021). We inputted the positions and veloc-
ities in this coordinate system as complex time series into
SuperFreq (Price-Whelan 2015), which numerically calculates
the frequencies Q,, Qg, and Q4. We defined € to be positive for
stars that orbit in the direction of Galactic rotation. We verified
that the frequencies remain stable when splitting the full time
interval into three equal sub-intervals, which indicates that the
orbits are regular.

SuperFreq is an implementation of the Numerical Analy-
sis of Fundamental Frequencies algorithm (originally pioneered
by Laskar 1990, 1993) that determines the frequencies for the
three components z, R, and ¢. This is done by selecting the fre-
quency with the highest amplitude in the Fourier transform of
the time series. The resulting distributions of Q. and Q for the
Helmi streams’ stars are well behaved, being relatively smooth
and continuous, as expected. However, the distribution in Qg
depicts two branches (see Fig. A.1), one of which (populated
by 38% of the stars) seems to correspond to a Q,:Qg = 1:2 reso-
nance. If we use an alternative implementation of this algorithm
by Valluri & Merritt (1998) (see also Valluri et al. 2010, 2012),
simply called NAFF, then only 10% of the stars are found to be
located on the branch associated with this resonance. Inspection
of the R(¢) for stars on and off the resonance do not warrant
a significantly different Qz, nor do we see evidence that there
is a resonance between R and z. Furthermore, we proceeded
to action-angle space and determined the angular frequencies
using the Stéckel fudge approximation implemented in AGAMA.
In this case, we find a single branch and a continuous distribu-
tion of Qg for all the stars in the Helmi streams (see Appendix A
for a detailed discussion). The frequency analysis performed by
SuperFreq does identify what we would consider to be the true
Qg but with slightly lower power. Thus, for these stars we chose
to adopt the frequency in R that is of the second highest ampli-
tude, such that all of the stars are on the same Qy branch and not
on the Q,:Qx = 1:2 resonance.

Figure 5 shows the frequencies colour-coded by angular
momentum clump. All of the stars in clump-hilL appear to be
on a resonance close to 4:Q. ~ 1:1, as can be seen in the third
panel of Fig. 5. The histogram of Q4/Q. for the entire 2.5kpc
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Fig. 6. Distribution of Q,/Q, for all stars in the Helmi streams, with
clump-hiL and clump-loL indicated in red and blue, respectively. The
sum of two Gaussians fits their distributions well. Clump-hiL stars cor-
respond to the tight component centred on Q4/Q, =0.968 and clump-
loL to the more diffuse component.

sample plotted in Fig. 6 clearly shows a peak corresponding to
Q4:€Q, =0.968:1 with a thickness of ~0.015. We fitted a sum of
two Gaussian distributions to the histogram of Q4/Q, and con-
firm that all of the stars in clump-hiL are located within three
standard deviations of the mean of the component that repre-
sents this resonance. The second Gaussian component contains
the clump-loL stars, which form a more diffuse cloud of stars at
a slightly lower €,4/Q.. We thus argue that the 4:Q, ~ 1:1 reso-
nance, which is associated with the gravitational potential, must
be the cause of the substructure in angular momentum space.

3.3. A new constraint on the shape of the Galactic dark
matter halo

In the chosen McMillan (2017) potential, the gap between the
two clumps in angular momentum space remains visible over
time, especially when considering only Gaia radial velocity
stars, where the gap is clearest. Although L, is not constant in
this potential, its variation with time is not large enough to erase
the gap (for over 2 Gyr) nor to move stars from one clump to the
next (for at least 10 Gyr).

We verified that the Q4/Q, resonance holds and is similarly
populated when calculated with orbits integrated in various other
potentials. In the Galactic potentials of Bovy (2015), Piffl et al.
(2014), and Price-Whelan (2017), the clump-hiL stars correspond
to the tighter group of stars that are on a 4:Q. resonance close to
1:1. In the static triaxial Vasiliev et al. (2021) potential®, a branch
close to the above-mentioned resonance is apparent, although it
is more diffuse. More importantly, the gap in angular momentum
space disappears after <100 Myr of the orbit integration. This sug-
gests that this model provides a less accurate representation of the
Galactic potential in the region probed by the orbits of the Helmi
stream stars if we make the reasonable assumption that we are not
living at a special time in Galactic history.

In order to investigate if there is any sensitivity to the shape
of the Galactic halo as suggested by Valluri et al. (2012), we
introduced flattening into the dark matter halo component of the
McMillan (2017) potential. The density of this component fol-
lows the NFW form:

3 We used the fiducial model with a static twisted halo and no Large
Magellanic Cloud, which these authors suggest is the best static potential
fitted on the Sagittarius stream.
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Fig. 8. Evolution of L,—L, over time in the McMillan (2017) potential with various values of the flattening, ¢ (in the density), of the halo
component. The first column shows the present-day observed distribution in L,—L,, the second column the stars in L,—L, space after ~2 Gyr
integration time, and the third column after ~10 Gyr. The first row shows the results for the model with the lowest ¢ (0.9) and the bottom row the

highest ¢, with the best estimate, g = 1.2, shown in the middle row.

We varied ¢ (the density axis ratio of z to R) from 0.9 to
1.4 in steps of 0.1. We then integrated the orbits of all stars in
these different potentials and calculated the orbital frequencies as
before (see Sect. 3.2). The different rows in Fig. 7 show the results.
As g increases, the resonance that the clump-hiL. stars occupy
moves closer to the Q4:Q, = 1:1, up until g = 1.2, after which the
stars move past the 1:1. The distribution of the clump-hiL stars in
Q.—Qy space also gets narrower and more peaked as g increases
up to g = 1.2, as can be seen in the second column of Fig. 7.

We also find that as we reduce the flattening of the halo com-
ponent (¢ = 0.9), the gap in L; and L, is no longer conserved
and stars move from one clump to another (see the first row of
Figs. 8 and 9). As ¢ increases above 1.0 and the dark matter halo
becomes more elongated, there is less mixing of stars and the
gap is maintained better. This is true up until g = 1.2, for which
we see the least amount of mixing and that the gap is best con-
served. This can be seen in the middle row of Figs. 8 and 9. As
we increase ¢ further (g > 1.2), the mixing of stars increases and
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the gap disappears, as shown in the bottom row of Figs. 8 and 9
forg=14.

Since L, and L, can be computed directly from the observ-
ables without knowledge of the Galactic potential, but their
evolution in time depends on the specific functional form, the
presence of two clumps, or a long-lasting gap, serves to directly
constrain the shape of the potential. Our analysis suggests that the
dark matter halo component of the Galaxy in the region probed
by the Helmi streams (within ~20 kpc) has an elongated shape
with a density z/R axis ratio of ~1.2. The shape of the dark mat-
ter halo is thought to be oblate or spherical in the central regions
(e.g. Koposov et al. 2010) and to gradually become more triaxial
with its major axis along z at larger radii (e.g. Law & Majewski
2010), possibly with a varying flattening as a function of radius
(e.g. Vera-Ciro & Helmi 2013). Our new constraint at an inter-
mediate radius is in close agreement with measurements using
Galactic globular clusters as tracers, which probe similar radii as
the Helmi streams’ orbits (¢ = 1.30 = 0.25, Posti & Helmi 2019).
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Fig. 9. Same as Fig. 8, but for the Gaia radial velocity sample that has significantly lower uncertainties.

4. Discussion and conclusions

We have shown that the local Helmi streams’ debris is divided
into two clumps in L,—L, space, most clearly for stars within
2.5kpc of the Sun. The stars in these clumps most likely share
the same progenitor as their stellar populations are indistinguish-
able. We have determined that the origin of this substructure
in angular momentum space is related to the presence of an
orbital resonance. Specifically, the stars in the high-L, clump
are on a £2,;:Q; resonance located very close to the 1:1 resonance,
while the remaining stars show a broader range of frequencies.
In Qr—Q, all of the stars are distributed close to Q,/Qg ~ 0.7.
We have used the Helmi streams’ debris to put a constraint
on the shape of the dark matter halo. Our findings suggest that
the dark matter halo within ~5-20kpc of the Galactic centre
is elongated along the axis perpendicular to the disc (z) with a
value of ¢ ~ 1.2 (in the density). Evidence for this value of ¢
arises from the fact that the stars in the high-L, clump form the
tightest distribution, populating the Q4:Q. = 1:1 resonance, but
are broader and offset from this integer ratio for other values of
q. Furthermore, the evolution of the clumps and the gapin L,—L,

space is longest-lived and depicts the least amount of mixing for
qg=12.

We have presented the analysis of the streams for the stars
located within 2.5 kpc, but we find similar results when we go
farther away, up to 5 kpc from the Sun. Going to larger volumes
with the Helmi streams is a possible way to map out the local
potential. We have demonstrated how L,—L, space can be useful
in constraining the potential. This is probably the first time that
a ‘direct’ observable has been used in this way, specifically for
halo stars and linking with a particular resonance in frequency
space.

The presence of such rich structure in terms of different reso-
nant families in a small region of phase space (i.e. that occupied
by the Helmi streams) may force us to rethink how we model the
evolution of streams. If stars in a stream are on a resonance, they
remain coherent for longer, but if they are just off a resonance
and the stream stars’ orbits fall on either side of a resonant orbit,
then the stars are affected and the stream diverges very quickly
(e.g. Yavetz et al. 2021). When we model streams, we do not
take the effect of resonant orbits into account and simply assume
that they are on regular orbits.
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Our findings also add to the evidence that there can be sub-
structure in the orbital properties and notably in integrals of
motion space that is not a result of accretion but an effect of
the Galactic potential. If single progenitors are splitting up in
this manner, then this further complicates the identification (and
characterisation) of their phase-mixed debris. Furthermore, fre-
quency space has been argued to be useful in constraining the
time of accretion since merger debris separates into a regular pat-
tern in this space, associated with each individual stream cross-
ing the specific volume being considered (e.g. Gémez & Helmi
2010). Although we do see evidence of multiple small clumps
potentially associated with such individual streams, the pres-
ence of resonances inducing further substructures complicates
the prospects of straightforwardly using this idea.

Several questions remain on the origin of these different
resonances, for example whether there is a link to Sagittarius.
Previously, Koppelman et al. (2021) showed using also the
McMillan potential that Sagittarius’ orbit falls on the
Q4:Q. = 1:1 resonance, suggesting that there may be some rela-
tion between the dynamics of Sgr and the orbits of the Helmi
streams’ debris. On the other hand, streams on prograde orbits
could also be affected by the Galactic bar, as demonstrated by
Pearson et al. (2017).
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Appendix A: Comparison of methods for frequency
determination

Here we compare three different methods for determining the
orbital frequencies. Presented earlier in the paper are the fre-
quencies determined with SuperFreq (Price-Whelan 2015),
which is one implementation of the Numerical Analysis of Fun-
damental Frequencies algorithm. We observed that using this
method the stars form two branches in Q. This can be seen
in Fig. A.1, where the stars on the higher Qg branch are those
on the Qz:Qp = 1:2 resonance. Figure A.1 shows that stars with
the same energy (and very similar angular momenta) have very
different Qg.

-120000 Clump hiL
. Clump loL
& -130000 \
| %
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Fig. A.1. Distribution of radial frequencies, Qg, from SuperFreq, with
energy coloured according to L,-L, clump. Two branches can be seen
clearly. The branch at higher Qg corresponds to the stars that are placed
onto the Qz:Qr = 1:2 resonance.

Another implementation of the Numerical Analysis of Fun-
damental Frequencies algorithm is NAFF by Valluri & Merritt
(1998) (see also Vallurietal. 2010, 2012). As already men-
tioned, we find differences in Qg for a significant fraction of
the stars when comparing these two methods. Specifically, 28%
of the stars move from the resonance in Qz:Qp to the branch
closer to Qz/Qgr ~ 0.7. For all stars, both methods show peaks
in the frequency spectrum of Q that would place the star on the
Q7:Qp =1:2 resonance or on the Qz/Qr ~ 0.7 branch. In some
cases, the amplitudes of these two peaks are very similar, which
is possibly why there may be some discrepancy in the true Q.

An alternative method is to determine the frequencies (€2;)
analytically from the actions (J;) using Q; = 6H/dJ;, where H
is the Hamiltonian. This can be done for a Stéckel potential. We
can approximate the McMillan (2017) potential to be a Stickel
potential at different points along an orbit and analytically solve
for the frequencies at each point. This method is known as the
Stickel fudge method (Binney 2012). We used ActionFinder
from AGAMA (Vasiliev 2019) with the orbit inputted as R(?), z(?),
¢(1). ActionFinder implements the Stickel fudge method and
gives an approximation for the actions, angles, and frequencies
that vary along the orbit. We then took the average over the full
orbit for each star to be the frequency. The frequencies derived
in this way show only one single branch in Qf but the same
distributions in Q7 and €. We verified that the variations in Qg
along the orbit are not large enough to move the stars from one
branch to the Q7:Qf = 1:2 resonance. We thus argue that the Qg
determined by SuperFreq and NAFF for the stars that are placed
on the 1:2 resonance are not the true frequencies. For these stars,
we took the Qf frequency with the second highest amplitude
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Fig. A.2. Comparison of Qz-Q, frequencies determined by several dif-
ferent methods. The first row shows the frequencies determined using
the action-angle method (in grey), with three selected stars (A, B, and C)
indicated by coloured star symbols. These three stars are also depicted
in the following two rows, which show the SuperFreq- and NAFF-
determined frequencies, respectively. Star A (blue) is determined to be
on the Q,/Qr =0.7 branch both for the action-angle frequencies and
by NAFF. However, SuperFreq disagrees, placing this star on the 1:2
resonance. Star B (orange) is on the Q,/Qx = 0.7 branch for the action-
angle frequencies only, but NAFF and SuperFreq place this star on the
1:2 resonance. Finally, star C (green) is on the Q,/Qg = 0.7 branch in
all three methods.

in the frequency spectrum, which places the stars onto a single
branch (the Q7/Qg ~ 0.7 branch).

We can further demonstrate the differences in the Qg values
determined by these methods using three example stars: A, B,
and C. Figure A.2 shows these three stars in Qg-€ space. Star A
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Fig. A.3. Evolution of R and z with time for the orbit integrations of
the three selected stars: A, B, and C. Each star’s R(¢) is shown over a
period of 4 Gyr, with # = 0 Gyr set to the first maximum such that the
three stars are in phase. The z(#) is shown over the same time period for
the corresponding star. Grey dash-dot and dotted lines correspond to the
periods according to the frequencies derived by SuperFreq and NAFF,
respectively.

corresponds to a star that is on the 1:2 resonance in SuperFreq
but on the single branch with both NAFF and the action-angle
frequencies. Star B is a star that is on the 1:2 resonance with
both SuperFreq and NAFF, but on the single branch with the
action-angles. Finally, star C is a star that is on the single branch
in Qg for all three methods.

In Fig. A.3 we show the evolution of R and z with time for the
orbit integrations of these three stars. We show the stars over a
time period of 4 Gyr, with # = 0 Gyr set to the first peak such that
the three stars are in phase to aid comparison. Periods are shown
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Fig. A.4. Fast Fourier transform of R(7) for the full ~100 Gyr orbit
integration of the three selected stars: A, B, and C. Grey dash-dot and
dotted lines correspond to the frequencies derived by SuperFreq and
NAFF, respectively. All three stars show a peak at Qg ~ 4, which would
place the star on the single €7-Qg branch, and another peak at a slightly
higher frequency, which places the star on the 1:2 resonance.

with lines according to the frequencies derived by SuperFreq
and NAFF. For both stars B and C the two methods agree, and
so these lines overlap. However, for star A the periods do not
line up, though we do see them overlap as the overall pattern in
R(?) repeats (t ~ 2 Gyr). Comparing the three stars R(¢) shown in
Fig. A.3, it is not clear that the stars should have as different Qg
values as suggested by the frequency identification methods.

Figure A.4 shows the fast Fourier transform (FFT) of R(?)
for the three stars along with the frequencies determined by
SuperFreq and NAFF. There is not a clear difference between
these three frequency spectra or an indication as to why a method
prefers the higher frequency in some cases, placing it on the 1:2
resonance. The frequency spectrum shown in Fig. A .4 is derived
from R(¢) only, whereas SuperFreq and NAFF take the com-
plex time series of R(f) + i Vg(f). We use Fig. A.4 simply to
illustrate the two peaks and show that there are no differences
in R(t) that would indicate the difference in Qg. If we instead
look at the SuperFreq frequency spectrum, then the main dif-
ferences that we observe, compared to our FFT (Fig. A.4), are
that the amplitudes of the Qx peaks change. For stars A and B,
the FFT (Fig. A.4) shows the highest amplitude at the frequency
that would place the star on the Q,/Qg = 0.7 branch. However,
the SuperFreq frequency spectrum shows the highest amplitude
at higher Qg, the Qp that places them onto the 1:2 resonance.

We also note that stars B and C have very similar energy, and
so it is unrealistic for the two stars to have as big a difference in
Qp as SuperFreq and NAFF suggest.
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