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Figure 2. Changes in Lz, given in kpc km s−1, for three different intervals of time (columns). Rows correspond to Models A, B, C, and D, respectively. The blue
dashed, dash–dotted, and dotted lines indicate the ILR, CR, and OLR positions of the galaxy, while the red dotted lines indicate the ultra-harmonic resonances
(4:1, 6:1, 8:1, 1:8, 1:6, and 1:4, from left to right). The colour bar shows the particle density in a logarithm scale.

these last two with equation (6) to obtain the azimuthal streaming
velocity.

3 R A D I A L M I G R AT I O N

In order to analyse the radial migration, we estimate the change in
angular momentum in the z-component (!Lz = Lz,f − Lz,i), radius
(!R = Rf − Ri), and eccentricity (!ecc = eccf − ecci) in an interval
of time from ti to tf. For the eccentricity, we take the following
expression (Arifyanto & Fuchs 2006; Minchev et al. 2012a)

ecc =

√
u2 + κ2

#2 v2

r2κ2
, (9)

where u is the radial velocity respect to the galactic centre, v = Vc −
Vφ with Vc and Vφ the circular and tangential velocities, respectively,
κ is the radial epicyclic frequency, # is the angular frequency, and r
is de galactocentric distance.

Due to the cosine potential shows a spurious bar-like component
in the central part which might cause non-physical variations of the
eccentricity in the central region within 3 kpc, we avoid that region
for our analysis.

3.1 Changes in Lz

Fig. 2 shows the !Lz as function of the initial galactocentric distance,
Ri, for our models. From top to bottom, each row corresponds to the
evolution of the different models as described in Section 2.1, and
from left to right, each column shows !Lz between different time
intervals 2–3 Gyr, 3–4 Gyr, and 2–4 Gyr.

For our fiducial model A (first line in Fig. 2), the particles showing
larger changes in !Lz are seen around the CR region, where they
are spread in a diagonal centred at this resonance, independently of
the chosen time interval, with a maximum of |!Lz| ∼ 1000 kpc km
s−1. When the difference in time is 1 Gyr (two first panels), the !Lz

seems to have a similar behaviour, but for the difference in time of
2 Gyr (third panel), the accumulative effect could be the responsible
of the larger changes seen in !Lz and the spread in Ri.

Looking at Model B, for which the radial scale, Rsp, of the spiral
arms has been increased by around 25 per cent with respect to the
fiducial model A (second line in Fig. 2), it shows an increase in !Lz,
clearly exceeding the maximum value found in Model A, no matter
the time. Around CR, not only larger changes in !Lz than in model
A occur, but also a larger spread in R is seen. In the surrounding of
CR, a zone of dispersed particles is formed.
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Figure 2. Changes in Lz, given in kpc km s−1, for three different intervals of time (columns). Rows correspond to Models A, B, C, and D, respectively. The blue
dashed, dash–dotted, and dotted lines indicate the ILR, CR, and OLR positions of the galaxy, while the red dotted lines indicate the ultra-harmonic resonances
(4:1, 6:1, 8:1, 1:8, 1:6, and 1:4, from left to right). The colour bar shows the particle density in a logarithm scale.

these last two with equation (6) to obtain the azimuthal streaming
velocity.

3 R A D I A L M I G R AT I O N

In order to analyse the radial migration, we estimate the change in
angular momentum in the z-component (!Lz = Lz,f − Lz,i), radius
(!R = Rf − Ri), and eccentricity (!ecc = eccf − ecci) in an interval
of time from ti to tf. For the eccentricity, we take the following
expression (Arifyanto & Fuchs 2006; Minchev et al. 2012a)

ecc =

√
u2 + κ2

#2 v2

r2κ2
, (9)

where u is the radial velocity respect to the galactic centre, v = Vc −
Vφ with Vc and Vφ the circular and tangential velocities, respectively,
κ is the radial epicyclic frequency, # is the angular frequency, and r
is de galactocentric distance.

Due to the cosine potential shows a spurious bar-like component
in the central part which might cause non-physical variations of the
eccentricity in the central region within 3 kpc, we avoid that region
for our analysis.

3.1 Changes in Lz

Fig. 2 shows the !Lz as function of the initial galactocentric distance,
Ri, for our models. From top to bottom, each row corresponds to the
evolution of the different models as described in Section 2.1, and
from left to right, each column shows !Lz between different time
intervals 2–3 Gyr, 3–4 Gyr, and 2–4 Gyr.

For our fiducial model A (first line in Fig. 2), the particles showing
larger changes in !Lz are seen around the CR region, where they
are spread in a diagonal centred at this resonance, independently of
the chosen time interval, with a maximum of |!Lz| ∼ 1000 kpc km
s−1. When the difference in time is 1 Gyr (two first panels), the !Lz

seems to have a similar behaviour, but for the difference in time of
2 Gyr (third panel), the accumulative effect could be the responsible
of the larger changes seen in !Lz and the spread in Ri.

Looking at Model B, for which the radial scale, Rsp, of the spiral
arms has been increased by around 25 per cent with respect to the
fiducial model A (second line in Fig. 2), it shows an increase in !Lz,
clearly exceeding the maximum value found in Model A, no matter
the time. Around CR, not only larger changes in !Lz than in model
A occur, but also a larger spread in R is seen. In the surrounding of
CR, a zone of dispersed particles is formed.

MNRAS 504, 5919–5926 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/4/5919/6263657 by B
ungaku-B

u Library user on 07 A
ugust 2021

The influence of the spiral arm parameters on radial migration in late-type-like galaxies 

【アブスト】

後期型渦巻銀河内での天体の運動をシミュレートし、渦状腕のパラメータがradial migrationにどう影響を与えるかを調べた。共回転半径と外部リンド
ブラッド共振位置でmigrationが対称な形で顕著に現れた。個々の天体のRとLzが変化しているのに、系全体の偏心率が変わっていないことも、対称
性を示している。また、渦状腕のスケール半径を大きく設定した場合に、migrationが拡大することが分かった。

【ゴール】 銀河内でのradial migrationのメカニズムを解明する。 【オリジナリティ】 渦巻構造に着目してradial migrationを解析した。

GAゼミ@2021/08/19  佐藤 元太

【コメント】

・migrationの原因としては衛星銀河の降着が挙げ
られるが、今回の渦構造を比較できないのか？
・図5の、migrationの様子からパターン速度を計算
できるのは具体的にどうやって？

【ロジック】

モデル: 1e10Msunのバルジ、5.1e10Msunのディスク、4.8e11Msunのダークハローで
構成される後期型銀河。これにcos型の渦状腕のポテンシャルを付加する。
パタメータを変えた4つのモデル内でテスト粒子の軌道の変遷をシミュレートした。

G. Martínez-Bautista & H. Velázquez et al. https://doi.org/10.1093/mnras/stab1241
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Figure 3. Changes in R, given in kpc, for three different intervals of time (columns). Rows correspond to Models A, B, C and D, respectively. The blue dashed,
dash–dotted, and dotted lines indicate the ILR , CR, and OLR positions of the galaxy, while the red ones designate the ultra-harmonic resonances (4:1, 6:1, 8:1,
1:8, 1:6, and 1:4, from left to right).

Regarding Model C, which has a pitch angle larger by a factor of
two with respect to the fiducial model A (third line in Fig. 2), !Lz

seems to have a similar evolution for all the considered time intervals
and is only slightly larger than the changes shown in Model A.
Finally, for Model D, similar to the fiducial Model A but with a larger
patter speed, "sp, for the spiral arms (fourth line in Fig. 2), we can see
that |!Lz| is similar to the one observed in the CR of Model A. Notice
that the location of the CR radius is closer to the centre and they can-
not be compared directly, however, the overall behaviour is similar.

3.2 Changes in R

Fig. 3 is similar to Fig. 2, but it shows the change in radii, !R,
of the stellar orbits. In the first row (our fiducial Model A), !R is
larger than 5 kpc for time intervals of 1 Gyr around CR and the
OLR and less than 5 kpc in other regions. The cumulative effect in
two Gyr is clearly seen in the third panel, where !R can reach up
to 10 kpc in the OLR region. It seems that OLR has stronger effect
compared to CR, however, the number of particles spread in OLR is
fewer than in CR. Those large displacements were also observed in
N-body simulations, where particles with very high radial migration

were called ‘extreme migrators’ by Halle et al. (2018). In particular,
in those simulations, this behaviour was attributed to the bar OLR,
while for our simulations, these are due to the spiral arms. For all
times, ridges are connected with the position of the resonances, where
the larger displacement is observed.

For Model B (second row), !R is bigger than in our fiducial Model
A. In these panels, particles near CR and OLR can travel more than
10 kpc (inward or outward), these displacements are significantly
larger than those observed in Model A. On the other hand, both
Models C and D show a similar global behaviour than Model A, with
small differences. For instance, the ridges around the resonances in
Model C are more well defined than in Model A while, in Model D,
the change !R in the OLR is larger than in the region around CR.

Despite all parameters of the spiral arms play a role in the process
of radial migration, clearly, the most relevant is the radial scale length
Rsp of the spiral arms pattern (Model B), leading to larger changes in
!Lz and !R as is shown in the results of Figs 2 and 3, respectively.

3.3 Changes in eccentricity

To disentangle between radial migration and radial heating, we
determine the change in eccentricity as defined in equation (9). Fig. 4
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Figure 3. Changes in R, given in kpc, for three different intervals of time (columns). Rows correspond to Models A, B, C and D, respectively. The blue dashed,
dash–dotted, and dotted lines indicate the ILR , CR, and OLR positions of the galaxy, while the red ones designate the ultra-harmonic resonances (4:1, 6:1, 8:1,
1:8, 1:6, and 1:4, from left to right).

Regarding Model C, which has a pitch angle larger by a factor of
two with respect to the fiducial model A (third line in Fig. 2), !Lz

seems to have a similar evolution for all the considered time intervals
and is only slightly larger than the changes shown in Model A.
Finally, for Model D, similar to the fiducial Model A but with a larger
patter speed, "sp, for the spiral arms (fourth line in Fig. 2), we can see
that |!Lz| is similar to the one observed in the CR of Model A. Notice
that the location of the CR radius is closer to the centre and they can-
not be compared directly, however, the overall behaviour is similar.

3.2 Changes in R

Fig. 3 is similar to Fig. 2, but it shows the change in radii, !R,
of the stellar orbits. In the first row (our fiducial Model A), !R is
larger than 5 kpc for time intervals of 1 Gyr around CR and the
OLR and less than 5 kpc in other regions. The cumulative effect in
two Gyr is clearly seen in the third panel, where !R can reach up
to 10 kpc in the OLR region. It seems that OLR has stronger effect
compared to CR, however, the number of particles spread in OLR is
fewer than in CR. Those large displacements were also observed in
N-body simulations, where particles with very high radial migration
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in those simulations, this behaviour was attributed to the bar OLR,
while for our simulations, these are due to the spiral arms. For all
times, ridges are connected with the position of the resonances, where
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small differences. For instance, the ridges around the resonances in
Model C are more well defined than in Model A while, in Model D,
the change !R in the OLR is larger than in the region around CR.

Despite all parameters of the spiral arms play a role in the process
of radial migration, clearly, the most relevant is the radial scale length
Rsp of the spiral arms pattern (Model B), leading to larger changes in
!Lz and !R as is shown in the results of Figs 2 and 3, respectively.
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渦状腕のパラメータ A B C D

スケール長[kpc] 5.31 6.64 5.31 5.31

ピッチ角[deg] 20 20 40 20

パターン速度[km /(s kpc)] 15 15 15 20図2：シミュレーションの前後で、各天体の角運動量のz成分がどのように変化するかを、

その天体の初期位置の関数として示した。
全モデルにて、共回転半径の位置(一点鎖線)を軸に対称な分布をしている。

特に、モデルBでは分布が濃い領域が縦にも横にも伸びている。すなわち|ΔLz|が最
大であるのみならず、遷移が発生する半径の範囲も最大である。
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Figure 4. Changes in eccentricity for three different intervals of time given by the columns as in Fig. 2. Rows indicate Models A, B, C, and D. The blue dashed,
dash–dotted, and dotted lines are the ILR, CR, and OLR positions of the galaxy, while the red ones designate the ultra-harmonic resonances (4:1, 6:1, 8:1, 1:8,
1:6, and 1:4, from left to right).

shows !ecc as a function of the initial radii Ri at the same three time
intervals shown in Figs 2 and 3. It can be seen that in the central region
!ecc increases by large values but it is due, in part, to the cosine spiral
arms model since it has a non-physical bar-like behaviour and, for
our purposes, this region is ignored. However, for all models around
CR, we can observe large changes in Lz (Fig. 2) but small changes in
ecc (Fig. 4) in CR and other resonances like the OLR, indicating
that the stellar orbits can move inwards or outwards preserving
nearly circular orbits which is precisely the mechanism of radial
migration.

3.4 Quantifying the changes

In order to quantify the effect of modifying the value of the
parameters of the spiral arms in the radial migration, we analyse
the initial and the final position of each particle in our models. Fig. 5
shows the particle distribution from t = 0 to t = 4 Gyr. Each coloured
3 kpc-size bin represents the initial position of the particles, and
the colour curves are the final particle distribution. Each curve is
normalized to the number of particles in its corresponding bin at

t = 0 Gyr. The solid, dashed, and dotted lines correspond to Model
A, Model B, and Model C, respectively. For clarity, Model D is
shown separately since the pattern speed of the spiral arms is larger
in this case and hence the position of its resonances are closer to
the central region (Fig. 5, bottom panel). It can be noticed from
this figure that after 4 Gyr the shapes of the curves of the first bins
closer to the inner region of the galaxy but not to CR are similar
and roughly symmetrical suggesting that radial migration is small.
However, the situation is completely different for the bins closer to the
CR resonance, all the shapes of the curves show a positive (negative)
skewness if the bin is before (after) the CR radius, indicating that
radial migration is operating and moving particles to larger (smaller)
distances from their original positions. This is particularly more
clearly seen in Model B (dashed-line, upper panel of Fig. 5). Also,
some positive skewness can be appreciated in Model D for the curve
just before the OLR with particles moving up to 10 kpc. These results
are in agreement with the results found in previous subsections. This
skewness could be used to indirectly determine the position of the
principal resonances and, if the rotation curve of the galaxy is known,
the pattern speed could be estimated.
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Figure 4. Changes in eccentricity for three different intervals of time given by the columns as in Fig. 2. Rows indicate Models A, B, C, and D. The blue dashed,
dash–dotted, and dotted lines are the ILR, CR, and OLR positions of the galaxy, while the red ones designate the ultra-harmonic resonances (4:1, 6:1, 8:1, 1:8,
1:6, and 1:4, from left to right).
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図3：各天体の軌道半径Rがどのように遷移するかを示している。
共回転半径に加えて、outer Lindblad 共振(OLR)の位置でも対称なmigrationが
発生する。OLRの周囲では5kpcを超える大幅なmigrationもある。
モデルBではmigrationの幅が伸び、10kpc以上移動する天体もある。

図5：半径3kpcごとのbinに分け、bin内の天体が遷移し

てどのような分布関数になるかを示した図。
共回転の位置で歪度が対称な分布になっていることが

分かる。
モデルDではOLR直前に正の歪度を有している。よって
内行migrationが観測されれば、そこからOLRの位置→

パターン速度まで計算で導くことができることが示唆され
る。

Influence of spiral arms on radial migration 5925

Figure 5. Top row shows the histograms of the number of particles for
Models A, B, and C consisting of 5 bins of 3 kpc length starting in 3 kpc.
The blue dash–dotted and dotted lines correspond to the CR and the OLR of
the galaxy. Each coloured bin represents the initial radii and the curves are
the distribution of the same particles after 4 Gyr. The green and red bins are
located around the CR resonance, it is clear that the dispersion of particles
is larger in this zone than in other places for all models. However, Model B
(dashed lines) spreads more particles originally in the green and red coloured
bins to other places. Bottom row is the same than top row, but only for Model
D, where the resonances are placed in other zones due to the different pattern
speed of the spiral arms. Histograms are normalized to the initial (t0) number
of particles.

For Model A, the 50, 55, and 41 per cent of the particles originally
found at the third, fourth, and fifth bins (9–12, 12–15, and 15–18 kpc,
respectively) at t = 0 Gyr, are spread beyond their initial bin. These
numbers are slightly different for the Model C, but not enough to
make a big difference. Instead, Model B has 59, 62, and 50 per cent
of particles that leave their original radial bin, showing a difference
in the behaviour of the particles around the main resonances of the
system. This model has an increment about 10 per cent of particles
that migrate compared to the Model A. For the Model D, the bins
around CR are the second, third, and fourth, and the spread particles
are 50, 47, and 34 per cent, respectively, as we mention before,
this comparison is not straightforward due to the differences in the
resonances positions.

4 D I S C U S S I O N A N D C O N C L U S I O N S

The study of radial migration has been addressed and analysed in
different scenarios by several authors. For instance, star clusters
can migrate to the inner region of our Galaxy, resulting in a fast
disruption of these stellar systems due to a strong tidal field (Fujii &

Baba 2012). On the contrary, while migrating from the inner parts
of the disc up to ∼ 5–8 kpc, open clusters are less prone to tidal
disruption. Therefore, in the solar neighbourhood, their metallicity
is higher than the metallicity of the open clusters that were born
there (Anders et al. 2017). Even more, a significant fraction of open
clusters in the Milky Way can experience radial migration of about
1.5 kpc Gyr−1 (Chen & Zhao 2020).

Also, considering the framework of an infalling galaxy satellite,
this will induce the formation of spiral arms and, hence, an increase in
the stellar radial migration due to these non-axisymmetric perturba-
tions. This would add considerable dispersion to the age–metallicity
relationship in the solar neighbourhood and in the outer parts of the
disc, but there is also a considerable radial and vertical heating (Bird,
Kazantzidis & Weinberg 2012). In addition, a large number of old
metal-poor high-[α/Fe] stars can be found in the solar neighbourhood
due to radial mixing, caused by mergers and the subsequent formation
of a central bar (Minchev, Chiappini & Martig 2013). Further, a warp
and the spiral structure in the external parts caused by a perturbing
satellite on to the Galactic disc flatten the metallicity gradients due
to stellar migration (Quillen et al. 2009).

It is important to have in mind that radial migration can be studied
in different ways; however, this work focuses on the effect of radial
migration on individual stars and isolated galaxies, and in a future
work we will study the MDF as a clue to radial migration.

We performed a series of simulations using a fully analytical
galactic model of a late-type galaxy, to study the effect of the
structural and dynamical parameters of the spiral arms on radial
migration. We introduce adiabatically the spiral arms potential during
the first Gyr to avoid a spurious response of the stellar distribution.
To isolate the individual effect of each parameter of the spiral arms
model, we carry out simulations where we varied, with respect to
our fiducial Model A, the spiral radial scale length (Model B), the
pitch angle (Model C), and the pattern speed (Model D). We study
the changes in Lz, R, and ecc of the disc particles in each model.

We can summarize our main findings as follows:

(i) The larger changes "Lz and "R occur around CR; meanwhile,
the change in eccentricity, "ecc, around this region is smaller
compared to its neighbourhood. This indicates that there is radial
migration.

(ii) The most important parameter in the production of radial
migration turns out to be the radial scale length, Rsp, of the spiral
arms, generating the largest changes in Lz and R around CR and
smaller changes in the eccentricity around that region. The 50, 55,
and 41 per cent of the particles found at the third, fourth, and fifth
bins (9–12, 12–15, and 15–18 kpc, respectively) in Model A are
spread beyond their original bin, while these percentages are larger
by 10 per cent for Model B (top panel of Fig. 5).
Furthermore, the radial distribution of particles shows a positive
(negative) skewness inside (outside) CR, a clear signature due to the
spiral arms.

(iii) In our models, there are particles that move inwards or
outwards more than 10 kpc. The CR and OLR contribute to those
extreme migrators. This behaviour is compatible with the results
from the N-body simulations performed by Halle et al. (2018).

This set of simulations with a cosine model for the spiral arms
clearly shows that the radial scale length of the spiral arms plays a
relevant role in defining at what extent the radial migration affects
the stellar orbits of the disc. Additionally, we want to stress that to
have effective and lasting radial migration, the spiral arms should be
transient (Sellwood & Binney 2002). Nevertheless, using a steady
spiral potential we are able to see a restricted radial migration. We
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図5
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