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ABSTRACT

In an effort to improve our understanding of the spiral arm structure of the Milky Way, we use classical Cepheids (CCs) to increase
the number of young tracers on the far side of the Galactic disk with accurately determined distances. We used a sample of 30 CCs
that were discovered using near-infrared photometry from the VISTA Variables in the Via Lactea survey (VVV) and classified based
on their radial velocities and metallicities. We combined them with another 20 CCs from the literature for which VVV photometry
is available. We used the compiled sample of CCs with homogeneously computed distances based on VVV infrared photometry as a
proof of concept to trace the spiral structure in the poorly explored far side of the disk. Although the use of CCs has some caveats, these
variables are currently the only available young tracers on the far side of the disk for which a numerous sample with accurate distances
can be obtained. Therefore, a larger sample could allow us to make a significant step forward in our understanding of the Milky Way
disk as a whole. We present preliminary evidence that CCs favor the following: a spiral arm model with two main arms (Perseus and
Scutum-Centaurus) that branch out into four arms at Galactocentric distances, Rgc = 5—6 kpc; the extension of the Scutum-Centaurus
arm behind the Galactic center; and a possible connection between the Perseus arm and the Norma tangency direction. The current
sample of CCs on the far side of the Galaxy are in the mid-plane, which argues against the presence of a severely warped disk at small
Galactocentric distances (Rgc < 12kpce) in the studied area. The discovery and characterization of CCs at near-infrared wavelengths
appears to be a promising tool to complement studies based on other spiral arm tracers and extend them to the far side of our Galaxy.

Key words. Galaxy: structure — Galaxy: disk — stars: variables: Cepheids — infrared: stars

1. Introduction

The complete picture of our Galaxy, the Milky Way (MW), is
still to be unveiled. In particular, our knowledge of the Galactic
spiral structure is still far from complete, due to its intrinsic com-
plexity together with our edge-on view of the disk and our loca-
tion at ~8.2kpc from the center (Bland-Hawthorn & Gerhard
2016).

Star formation in the MW disk happens predominantly along
the spiral arms. The youngest stellar populations did not migrate
significantly from their birthplace, so that the position of spiral
arms can be mapped by tracing the position of massive young
stars, as well as of neutral hydrogen, molecular clouds or HII
regions associated with high-mass star formation (see Vallée
2017a). One advantage of using these latter tracers is that they

* Based on observations collected at the European Southern Obser-
vatory under ESO programmes 095.B-0444(A), 179.B-2002.

Article published by EDP Sciences

are observed in the radio regime, making them largely insensi-
tive to extinction. Even in these cases, however, precise distances
through Very Long Baseline Interferometry (VLBI) parallaxes
are scarce on the far side of the disk, while most are determined
kinematically and have large errors that prevent the delineation
of the spiral arm structure (see Xu et al. 2018a, for a recent
review). Regardless of the obstacles, our knowledge of the spi-
ral structure of the MW has significantly improved over the past
decades. A clear picture of the local, near side, spiral arm pattern
is emerging from both VLBI distance measurements of masers
associated with high-mass star forming regions (HMSFRs, see
Reid et al. 2014, 2019, and references therein) and OB stars with
accurate Gaia parallaxes (Chen et al. 2019), which show consis-
tent spatial distributions (Xu et al. 2018b,a).

Maser parallaxes from VLBI observations have provided a
detailed and accurate view of the Galactic spiral arm struc-
ture. The main parameters for each arm (pitch angle, reference
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radius, arm-width) have been obtained from these observations
(Reid et al. 2014, 2019; Xu et al. 2016). This enabled the tracing
of arm segments in a region covering around one fourth of the
disk extension, which have been interpreted as corresponding to
four major spiral arms. So far, this method has been limited to the
portion of the disk observable from the northern hemisphere and
belonging to the near side of the MW disk (the only exception
being the work of Sanna et al. 2017, who mapped the passage of
the Scutum-Centaurus arm through the far side of the disk based
on the parallax measurement for a maser at ~20 kpc), leaving the
far side of the first and the whole fourth Galactic quadrant almost
devoid of young tracers with accurate distance determinations.

High dust extinction in the optical limits the use of young
stellar tracers in combination with Gaia parallaxes to the near
side of the disk, reaching distances up to ~6 kpc from the Sun
using luminous OB stars (Xu et al. 2018b; Chen et al. 2019).
Infrared (IR) observations are needed to thoroughly explore the
heavily obscured Galactic midplane.

Classical Cepheids (CCs) are pulsating variable stars known
to follow accurate period-luminosity (PL) relations (particu-
larly in the near-IR) from which we can determine accurate
distances. They are key to calibrate the cosmic distance ladder
(Ripepi et al. 2020). Due to their high luminosities and young
ages, CCs are ideal objects to map the structure of the thin disk
down to the edge of the Galaxy, and they have been used to con-
struct a map of the warp of the disk (see Skowron et al. 2019a,b;
Dékény et al. 2019). These structural studies can also be done in
nearby spiral (e.g., M 31, Kodric et al. 2018) and dwarf irregular
galaxies (Inno et al. 2016; Ripepi et al. 2017, for the Large and
Small Magellanic Clouds). Classical Cepheids have also been
useful in tracing the metallicity gradient of the Galactic disk
(see Genovali et al. 2014; Luck 2018; Lemasle et al. 2018, and
references therein). In particular, if observed in the near-IR, the
aforementioned extinction issue can be mitigated and CCs can
be used to map the portion of the Galactic disk otherwise hidden
by dust (see also Dékany et al. 2019).

In Minniti et al. (2020, hereafter Paper I) we analyzed a sam-
ple of 45 candidate Cepheids detected in the VISTA Variables in
the Via Lactea (VVV, Minniti et al. 2010) ESO Public Survey
and located within |b| < 1.5°. By means of their radial velocities
and metallicities, we isolated a clean sample of 30 CCs lying on
the far side of the disk. We used these CCs to derive an extinc-
tion law for the MW midplane and a disk metallicity gradient
in the range Skpc < Rge < 22kpc. Here we use the sample of
30 CCs, complemented with another 20 detected and classified
from both VVV and the Optical Gravitational Lensing Experi-
ment (OGLE) surveys, to trace the far side disk spiral structure.

2. Sample of classical Cepheids on the far side of
the Galactic disk

Classical Cepheids are young pulsating variable stars, with peri-
ods of ~1-100 days (Catelan & Smith 2015) and, thanks to their
characteristic pulsation (light curves), they are relatively easy
to identify. This is particularly true in the optical, where more
than two thousand Galactic CCs have been catalogued so far,
mainly by recent time-domain surveys (e.g., the OGLE Collec-
tion of Galactic Cepheids; see Udalski et al. 2018). When mov-
ing to the near-IR bands, the classification of pulsating stars
becomes harder, since their light curves have smaller ampli-
tudes and become more sinusoidal. Moreover, near-IR obser-
vations are more time-consuming, and time domain surveys at
those wavelengths have generally fewer epochs than their optical
counterparts. Nevertheless, IR variability searches are the only
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solution to detect most CCs on the far side of the MW disk,
where optical surveys (such as OGLE and Gaia) are far from
complete due to the extreme interstellar dust extinction towards
the midplane (see Sect. 3.3).

The CCs used here were classified in Paper I from spectra
of a larger number of candidate Cepheids selected from VVV
photometry. These spectra were taken with the X-shooter spec-
trograph (Vernet et al. 2011) located at the ESO Very Large Tele-
scope. In order to be classified as a CC, a Cepheid needed
to fulfill the following criteria: (i) the Cepheid radial velocity
was within ~30kms~' from the expected value for the Galac-
tic disk if it were to follow the circular rotation at its corre-
sponding position; (ii) its [Fe/H] was 2>—0.6dex; (iii) its Teg
was consistent with its CC nature. This left us with 30 CCs
spanning +10° > ¢ > —40°, with ages mainly between 40
and 85 Myr (De Somma et al. 2020, their theoretical period-age
relations are obtained for a non-canonical mass—luminosity rela-
tion), and Galactocentric distances of Skpc < Rgc < 31kpc,
calculated based on the PL relations by Macri et al. (2015) and
the extinction law derived in Paper I. For details of the distance
determination, the reddening law, and the photometry for each
CC, we refer the reader to Paper I'.

With the purpose of increasing the size of the sample of CCs
on the far side of the disk with reliable distances obtained from
near-IR photometry, the stars classified by the OGLE collection
of Galactic Cepheids (Udalski et al. 2018) that were also present
in the VVV footprint were included here. We retrieved their
VVV photometry from the catalog presented in Dékany et al.
(2019). We also incorporated a subsample of Cepheid candi-
dates classified by Dékany et al. (2019) that were recently con-
firmed as CCs based on OGLE photometry by Soszynski et al.
(2020)2. Before using them, we decided to select stars with
(Ks) = 11 mag to avoid light curves with heavily saturated VVV
photometry. Moreover, these CCs have, in general, smaller peri-
ods than those from Paper I, and are thus older. We selected
stars with P > Sdays as a trade-off between keeping as many
stars as possible to increase our sample while avoiding the lower
period and thus older CCs. As a result, we added 20 CCs with
ages between 50 and 110 Myr, which are also complementary in
terms of their distribution in the Galaxy, as we will show later. It
is important to emphasize that these cuts are somewhat arbitrary
and could be modified in further studies, as the sample of well-
known CCs on the far side increases and allows us to study their
distribution as a function of age. The sample of 50 bona fide CCs
with homogeneously determined distances based on VVV near-
IR photometry can be used to study the spiral structure of the far
disk.

3. Spiral structure in the first and fourth Galactic
quadrants

With our 30 spectroscopically classified CCs together with a fur-
ther 20 Cepheids classified based on optical light curves, we
analysed their projection on the far side of the Galactic plane
(see Fig. 1). In order to investigate the spiral structure by means

' We remind the reader that the photometric issues discussed in
Hajdu et al. (2020) were taken into account, as described in Paper 1.

2 We only use CCs from the sample by Dékdny et al. (2019) that
were confirmed by OGLE. There is evidence that their classifica-
tion, based on the near-IR light curve, suffers from a large con-
tamination; see http://www.astrouw.edu.pl/ogle/ogle4/0CVS/
Cepheid_Misclassifications/Dekany_et_al_VVV/


http://www.astrouw.edu.pl/ogle/ogle4/OCVS/Cepheid_Misclassifications/Dekany_et_al_VVV/
http://www.astrouw.edu.pl/ogle/ogle4/OCVS/Cepheid_Misclassifications/Dekany_et_al_VVV/
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of CCs, we need to make some assumptions about the relative
velocity of the arms with respect to the variables and the stars in
general. Indeed, because the ages of CCs are not zero, and given
that the spiral arm pattern may move with respect to the stars, the
current position of the CCs might not trace the arms if their indi-
vidual rotation velocities differ significantly from the velocity of
the spiral pattern.

Because the spiral pattern speed is still poorly constrained
and considering that the fact that the spiral arms move as a rigid
body has not been proven, we follow two approaches that are
explained below. We refer the reader to Dobbs & Baba (2014)
for a review of the different mechanisms proposed for the for-
mation of the spiral arms and the consequent expected rotation
of their pattern.

First, in Sect. 3.1, we show the current position of the
CCs and compare them with the current position of the spi-
ral arms. This approach makes sense if the spiral arm pattern
has a similar rotation speed to that of the rotation of the stars.
Although this might not be a perfect scenario (though it is not
discarded either), it is the simplest hypothesis that allows us
to show the data with minimal corrections. This is useful for
future analysis, when our understanding of spiral arm forma-
tion and kinematics improves. In addition, it shows a very good
agreement between the expected (extrapolated) location of the
arms, based on how they were traced in the disk’s near side,
and the current position of CCs. Something similar has been
found in M 31 (see Kodric et al. 2018), where the actual posi-
tion of CCs correlates closely with the position of the star-
forming ring and the structures traced by dust (their Fig. 17).
In Sect. 3.2 instead, we assume that spiral arms move as a
rigid body with a rotation period of 250 Myr, while CCs (like
other stars) follow the disk rotation curve. We will therefore
adjust the position of the CCs by the difference in their velocity
with respect to the arms during their lifetimes and compare the
two. Finally, in Sect. 3.3 we discuss the vertical distribution of
our CCs.

3.1. In-plane distribution

We present here the current position of CCs on the far side of
the Galactic plane and analyse how they fit into present knowl-
edge of the spiral arm structure. Given the large area that we are
covering (around one fourth of the Galactic disk), the number of
CCs used here is not sufficient to independently trace the posi-
tion of the spiral arms. Therefore, as a first step, we verified their
compatibility with the spiral arms as traced in the near side of
the disk. We have used the results presented in Reid et al. (2019,
hereafter R19), based on trigonometric parallaxes for masers
obtained from VLBI. They fitted the HMSFRs positions using a
log-periodic spiral functional form, allowing for a “kink” in the
arms (the pitch angle, ¢, was allowed to change at this point),
and provided the locations of several spiral arm segments that
we plotted as colored sections in Fig. 2. We only show them
where they are constrained by VLBI data. If we extrapolate these
segments as they are modelled in R19, both their Perseus and
Scutum-Centaurus (Sct-Cen) best fit models are roughly consis-
tent with our objects, while the Sagittarius—Carina (Sgr-Car) and
Norma-Outer arms are not. However, a slight modification of the
coefficients of the parametrization of the arms makes them qual-
itatively consistent with the position of our young stellar tracers,
while they do not deviate significantly from the original formu-
lation in the region where the arms were constrained by R19. We
would like to emphasize here that the underlying assumption for
the analysis presented in this subsection is that these stars were
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Fig. 1. In-plane distribution of the sample of 50 far disk bona fide CCs
with homogeneously determined distances based on VVV near-IR pho-
tometry. Our sample of spectroscopically confirmed CCs is shown here
using blue circles. The blue open squares represent the complementary
sample of OGLE-VVYV CCs. Distance error bars are indicated for each
star and the point sizes are inversely proportional to the Cepheid ages.
The far side disk maser source presented in Sanna et al. (2017) (blue
star inside circle) is shown with its corresponding error bar. The Sun is
located at (X = Okpc, ¥ = Okpc) and the Galactic center is marked with
ared cross at (X = 8.15kpc, Y = Okpc). The colored sections are the
log-periodic spiral arm segment fits based on VLBI trigonometric par-
allaxes of HMSFRs by R19. The dash-dotted circles in the background
mark Galactocentric radii ranging from 4 to 24 kpc.

born in spiral arms and stayed close to their birthplaces during
their lifetimes, which might only be a good approximation for
the youngest CCs.

We derived the simplest possible parametrization of the spi-
ral arms compatible with both the maser and CC positions, keep-
ing a unique pitch angle over the full extent of the arm whenever
possible. The log-periodic spiral form is defined as

In (R/Rrer) = = (B = Brer) tan iy, ey

where R and (8 are the Galactocentric radius and azimuth (with its
origin toward the Sun and increasing clockwise), respectively. A
more detailed explanation of the spiral model and its parameters
can be found in Appendix A.

Given that longer period CCs are younger, and thus expected
to be closer to their birthplaces, we have given them prefer-
ence while doing this qualitative comparison. Specifically, we
gave preference to our spectroscopic sample of CCs, since they
are mostly younger than the OGLE sample (<85 Myr), and to
stars with uncertainties in their distances lower than ~1.5 kpc. In
Figs. 1 and 2, we assigned CCs point sizes that were inversely
proportional to their ages. To calculate their Galactocentric dis-
tances, Rgc, we assumed a Sun-Galactic center distance Ry =
8.15kpc to simplify the comparison of their distribution with
the spiral arm model of R19. The difference with the distance
obtained by GRAVITY Collaboration (2019) of Ry = 8178 %
13(stat) = 22(sys) pc is within the error bars.

Individual distance errors for the compiled sample of CCs
are indicated with error bars in Fig. 1. They were calculated
using Monte Carlo simulations, where the uncertainties on
the mean J, H, and Ks magnitudes were considered, together
with the intrinsic dispersion of the near-IR PL relations used
(Macri et al. 2015) and their uncertainties, and the errors on the
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Fig. 2. Milky Way spiral structure as traced by CCs and HMSFRs. The distribution of our sample of spectroscopically confirmed CCs in the first
and fourth quadrants is shown here (blue circles). We overplot the OGLE CCs with distances based on near-IR photometry (blue open squares).
Distance error bars are indicated for each star. The point sizes are inversely proportional to the Cepheid ages. We also included the maser source
presented in Sanna et al. (2017) (blue star inside circle). The Sun is located at (X = Okpc, ¥ = 0kpc) and marked with a yellow dot, and the Galactic
center is marked with a red cross at (X = 8.15kpc, Y = Okpc). As in Fig. 1, the log-periodic spiral arm segment fits based on VLBI trigonometric
parallaxes of HMSFRs by R19 are represented with colored sections. The turquoise spiral segment is the Local arm. The masers associated with
each arm in R19 are overplotted using stars (Norma arm, green; Sct-Cen arm, blue; Sgr-Car arm, purple; Local arm, turquoise; Perseus arm, black;
Outer arm, red). The thick lines represent our qualitative logarithmic spiral arm fits, with slight changes to R19 best-fit coefficients in order to have
them passing through our CCs, with the thin dashed lines marking the 1o~ arm widths reported in R19. We also included maser sources associated
with HMSFRs recently reported in the VLBI Exploration of Radio Astrometry (VERA; VERA Collaboration 2020) catalog (orange pentagons).
The Carina, Centaurus (2 peaks), and Norma tangency directions are displayed as colored light cones originating from the Sun, using the same
colors as for their associated spiral arms. The line of nodes of the Galactic warp model by Skowron et al. (2019a) is also shown for reference
(gray dotted line). We have included the positions of the CO detections reported by Dame & Thaddeus (2011) that trace the continuation of the
Sct-Cen arm on the far side of the Galaxy (open triangles). Their kinematic distances were recalculated using the MW rotation curve determined
by Mréz et al. (2019).

calculated selective-to-total extinction ratios, Ag, /E(H—-Ky) and
Ak, /E(J — Kg), obtained in Paper 1. The distance uncertainties
are between ~0.55 kpc and ~2.2 kpc, with ~70% having errors
smaller than 1kpc and ~90% smaller than 1.4kpc. Although
most of the individual error bars are larger than the arm widths,
they are in general smaller than the separation between the dif-
ferent arms, in most cases allowing us to associate them with a
unique spiral arm. As we have mentioned, the only object avail-
able in this region of the MW with a good distance measure-
ment is the HMSFR by Sanna et al. (2017), with a distance error
of ~2.5kpc. As can be noted in Fig. 1, our sample provides an
independent improvement because most of our CCs have smaller
distance errors than this unique maser source.
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The parameters of the spiral arm model shown in Fig. 2 are
presented in Table 1. Below, we discuss how the new constraints
on the MW spiral structure obtained from CCs fit into its current
picture.

Perseus arm. In the first and fourth quadrants, we can trace
the Perseus arm as it spirals inward behind the Galactic bulge, and
also toward negative azimuthal angles, extending into the outer
Galaxy. We find that a pitch angle of 9.45° is both consistent with
the HMSFRs and the distribution of our CC sample at the far
disk. This value is also in agreement with the pitch angle deter-
mined in Zhang et al. (2019) (5° + 4°) for the inner portion of
the Perseus arm and previous estimates of ~9°, determined using
sources along the whole spiral segment of this arm that has been
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Table 1. Spiral arm characteristics and log-periodic model parameters.

Arm Bret  Reet W ¢ tangency
[°]  [kpc] [°] [°]
Sct-Cen 23 5.10 12.90 305.5,311.2
Sgr-Car 40  6.00 12.70 283.8
Perseus 40  9.10 9.45 328.1 ™
Outer 18 1220 10.50,7.40 @ -

Notes. For this arm we allowed for a kink with pitch angles 10.5 and
7.4 for azimuths 8 < B and 8 > B, respectively. ®Tangency direc-
tion in the fourth Galactic quadrant taken from Hou & Han (2015). Two
peaks are reported in the Centaurus arm tangency direction. The one at
305.5° is associated with the Sct-Cen arm, while for the second peak
at 311.2° our data suggests it might be linked to the Outer arm. ®'We
propose the Norma tangency direction to be associated with the Perseus
arm.

traced based on HMSFRs distances (Reid et al. 2014, 2019). The
proposed spiral arm parameters suggest that the Norma tangency
point, usually used to constrain the shape of the Norma arm in the
fourth Galactic quadrant and to connect it with the Outer arm, is
instead associated with the Perseus arm. Although it is generally
proposed in the literature that the Norma and Outer arm segments
are connected, to the best of our knowledge there is no unequiv-
ocal evidence favoring this scenario. In R19, for example, this
association was based on the inconsistency with the determined
pitch angles of the other arms, but this argument depends on uncer-
tain extrapolations over large sections of the disk. We are not in a
position to firmly establish whether the Perseus and Norma arms
are connected. Nonetheless, the continuation of the Perseus arm
as it is modeled here would not be consistent with this scenario,
and a change in its pitch angle, with  ~ O after the Norma tan-
gency, would be needed to connect them (this was done in Fig. 2,
where the continuation of the Perseus arm is indicated with a black
dashed line).

Outer arm. Regarding the structure of the Outer arm as it
spirals inward into the first quadrant, the present distribution of
CCs suggests that it might be instead connected to the Sct-Cen
arm, possibly coinciding with the inner of the two gas compo-
nent peaks present in the Centaurus tangency direction. This sce-
nario would explain the double bump feature observed in this
direction with different gas tracers (see Hou & Han 2015, and
references therein). The rest of the tangency points in the fourth
quadrant are consistent with the spiral arm structure proposed
here, as shown in Fig. 2. In order to be able to extend the Outer
arm from 8 ~ —200° to 300° and at the same time be consistent
with the near-side arm segments determined in R19, we needed
to allow for a “kink” and change the pitch angle from ~10° to 7°
(see Table 1).

The outward extension of the Outer arm proposed here is
roughly consistent (in terms of its pitch-angle and spatial distri-
bution) with the distant spiral arm in the fourth quadrant reported
in McClure-Griffiths et al. (2004) traced in H1. It would be desir-
able to study CCs in the region of the Outer arm traced by
McClure-Griffiths et al. (2004) to put better constraints on the
position of this arm on its way through the far side of the third and
fourth Galactic quadrants. This would also allow us to test if the
extension we propose, with the Outer arm continuing to a second
passage behind the Galactic center at Rgc 2 21 kpc, is justified.

Scutum Centaurus arm. The Sct-Cen arm is one of the most
clearly traced arms by our sample of spectroscopically classified

young Cepheids. As shown in Fig. 2, we support the associa-
tion of the water maser source reported in Sanna et al. (2017)
with the Sct-Cen arm. Sanna et al. (2017) suggested that this
maser might link the accurately traced Sct-Cen arm segment in
the near side of the first quadrant with a structure discovered
by Dame & Thaddeus (2011) on the far side of the first quad-
rant, detected in H1 studies (see Koo et al. 2017, and references
therein) as well as traced with CO clouds (Dame & Thaddeus
2011; Sun et al. 2015). This link was based on the extrapolation
of the Sct-Cen arm over a large section of the Galaxy. With the
current data, we are able to add constraints on the passage of
the Sct-Cen arm through the far side of the MW disk and pro-
vide further evidence that it runs over 2360° around the Galaxy.
The pitch angle of ~13° adopted here is consistent with the val-
ues reported in the literature (Koo et al. 2017; Reid et al. 2019)
and the log-periodic spiral model passes near the Sct-Cen arm
tangency at £ ~ 306°.

Sagittarius-Carina arm. For the Sgr-Car arm, we have five
CCs tightly distributed around the proposed spiral arm model.
Although these stars allow us to delineate a small segment of
this spiral arm, when we add the CCs from the OGLE sample
its structure becomes clearer. A pitch angle of ~12.7° fits well
the positions of the CCs, while still being consistent with a large
portion of the arm segment traced with maser sources. This value
is also compatible with the distribution of dense HI gas associ-
ated to the Sgr-Car arm in the fourth quadrant of the face-on map
recently produced by Koo et al. (2017). It may be necessary to
allow for a kink in this arm on the near side of the first quadrant,
somewhere in the range 15° < B8 < 45°, with a decrease in its
pitch angle, in order for it to follow the positions of masers pre-
sented in R19 while at the same time being consistent with the
Carina tangency direction and our CCs. Analogously to what we
proposed for the Outer arm, the Sgr-Car arm may have a com-
parable (symmetric) origin, but as a branch of the Perseus arm,
provided that we extrapolate the best fit model in the first quad-
rant from R19.

It is interesting to notice that, although departures from
a “perfect” log-periodic spiral shape might exist, they do not
appear to be large. A model with constant pitch angle seems
sufficient to connect spiral arm tracers over most of the arm’s
extension, at least in the outer regions of the Galaxy.

There seems to be a lack of CCs between the proposed arms
(inter-arm regions) on the far side of the disk (especially when
the youngest CCs are considered). We would like to reinforce
here that the proposed spiral arm model is not intended to rep-
resent a definitive picture of the far side spiral structure, but to
show the potential that the use of CCs with distances based on
near-IR photometry has on this field and how they can contribute
to further constrain the far side disk spiral structure. The num-
ber of CCs used in the above analysis is still low and their dis-
tances are affected by our knowledge of the near-IR extinction
law, a subject that is still debated in the literature (Nataf et al.
2016; Majaess et al. 2016). Enlarging the number of bona fide
CCs in this region is desirable, in particular at Rgc < 6—7 kpc
and Rgc 2 12—-14kpe.

3.2. Tentative birthplaces of classical Cepheids assuming
a rigid-body spiral pattern

In this section, we present the position of CCs, compared to spi-
ral arms, under the assumption that CCs (like other stars) follow
the disk rotation velocity, while spiral arms move as a rigid body
around the Galactic center with a period of 250 Myr. We therefore
compute the current position of the birth-site of each CC using the
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difference between the disk rotation and the spiral pattern speed,
integrated over the age of the CC inferred from its period.

It is generally assumed in the literature that the spiral pattern
moves at a fixed speed (rigid-body rotation). This assumption is
related to the adoption of the quasi-stationary density wave the-
ory (Lin & Shu 1964) as the mechanism that generates the spiral
structure. To test the effect of this hypothesis in the current posi-
tion of our CCs with respect to their birthplaces, we adopt a pat-
tern speed (£2,) corresponding to a rotational period of 250 Myr
(Vallée 2017b) for the spiral arms (€, ~ 24.5kms™' kpc™'), as
in Skowron et al. (2019a). We thus calculated the current loca-
tion of their birth regions by rotating the observed positions of
our CCs. This was done taking into account the angular differ-
ence between both locations, originated from the differing angu-
lar speeds of the spiral pattern and the disk rotation (for this
purpose, we used the rotation curve from Mréz et al. 2019) at
the corresponding Galactocentric radius during the lifetime of
the CC. This transformation is shown in Fig. 3. We have esti-
mated the uncertainty in the azimuthal direction based on the
effect that an uncertainty in Q, of +2kms™! kpc™! would have
on the computed positions; the radial component displayed here
is the projected component of the heliocentric distance error bar
shown in Fig. 1. While for the inner three arm segments the asso-
ciated birthplaces preserve their consistency with our proposed
spiral arm structure, the outermost arms clearly depart from the
expected position of the birthplaces under this assumption. We
tested other values reported in the literature for the spiral pat-
tern speed (see Gerhard 2011; Dias et al. 2019), and obtained
similar results, with the position of the inner arm segments pro-
posed in Sect. 3.1 being roughly consistent with the computed
birth sites. As a cautionary note to this kind of modeling, we
point out that the computed birthplace positions strongly depend
on the assumed spiral pattern speed, and both the wide range
of values reported in the literature and their underlying uncer-
tainties prevent us from obtaining a new fit of the spiral arm
structure under the rigid-body rotation scenario. It is also impor-
tant to consider that there are a number of spiral arm forma-
tion mechanisms proposed in the literature and their predictions
about the spiral pattern speed differ. N-body simulations often
show a radially decaying pattern speed. As far as we know, the
spiral pattern speed for the MW has not been well established
over the full extent of the disk, and the assumption that it rotates
as a rigid body has not been definitely proven (for a detailed dis-
cussion, see Dobbs & Baba 2014; Pettitt et al. 2020). Recently,
based on the current positions and computed birthplaces of the
most complete catalog of Milky Way open clusters with Gaia
Early Data Release 3 astrometry, Castro-Ginard et al. (2021)
found that different spiral arms have distinct angular velocities,
nearly co-rotating with the disk and disfavoring the density wave
scenario. The understanding of the spiral structure of our Galaxy
and the mechanisms involved in its formation are not yet settled.

In the previous subsection, we have presented the spatial dis-
tribution of our sample of spectroscopically confirmed CCs on
the far disk. We notice that they follow arc-like distributions that
we associate with the far side spiral structure. We found that
there is a consistent picture between the near side spiral arm
structure traced by the very young HMSFRs and our far side,
long-period CCs for both the Perseus and Sct-Cen arms (Fig. 2),
suggesting that these stars might be reasonably good tracers of
the spiral structure. When we add the CCs from the OGLE cat-
alog with VVV photometry, which are mainly shorter period,
older CCs, we find that their in-plane distribution also agrees
with this scenario, although it shows a seemingly larger disper-
sion around the proposed arms. This preliminary analysis of the
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far side spiral structure using CCs will certainly improve when a
larger sample of bona fide CCs becomes available in this region.
The extension of the VVV survey (VVVX, Minniti et al. 2018)
will certainly play a major role in this regard, as will the Vera
C. Rubin Observatory Legacy Survey of Space and Time (LSST,
Ivezié et al. 2019).

The combination of near-IR photometry (e.g., from the VVV
survey) and near-IR spectroscopic follow-up has proven use-
ful to obtain clean samples of these stars (Inno etal. 2019;
Minniti et al. 2020) in the far disk. This region remains out of
reach for studies at shorter wavelengths and is also lacking other
spiral arm tracers with accurate distance determinations. New
VLBI arrays in the southern hemisphere will provide parallaxes
for HMSFRs in the southern disk (R19; VERA Collaboration
2020), allowing us to test our results using CCs and to further
constrain the MW spiral structure.

3.3. Distribution perpendicular to the Galactic plane

In this section, we analyse the vertical distribution of our CCs.
Figure 4 presents their distances from the Galactic plane, Z,
as a function of both their Galactocentric radii and Y cartesian
coordinates. As a comparison, we have included the CCs from
Skowron et al. (2019a,b) with a period larger than five days (to
compare stars in a similar age range).

It is clear that the OGLE stars added to our sample are further
away from the plane (and preferentially at Z < Okpc) than the
spectroscopic sample. This is a result of the combined effect of
at least two factors. Firstly, most of these OGLE CCs are located
in the southern disk, at [ < 340°, where the Galactic warp lies
below the plane® (bottom panel in Fig. 4). The other aspect is the
selection effect produced by extinction, preventing OGLE from
finding far disk CCs close to the plane (note their K extinctions,
color coded in Fig. 4). This figure also shows why near-IR obser-
vations are needed to study the far disk, where the VVV data can
map high extinction regions (with Ag, > 2.5 mag).

Figure 4 shows that the full sample of CCs used in this work
is tightly distributed around the Galactic mid-plane (note that
the scale of the vertical axis is more expanded than the hori-
zontal one). We find a planar distribution up to R ~ 24kpc,
with a tighter Z distribution compared to the flared structure
mapped in HI gas (Kalberla et al. 2007), traced by blue strag-
gler stars (Thomas et al. 2019), or as suggested by the first CCs
reported on the far side of the disk (Feast et al. 2014), which do
not appear to represent the distribution of the bulk of the CC
variables present in the far disk.

Therefore, we find that there are numerous Cepheids on the
far side of the Galaxy that are concentrated towards the mid-
plane. From our observations, it does not appear that the far side
of the MW is severely warped inside Rgc ~ 12kpc. On the
other hand, if it was severely warped, we would not have found
any CCs in the plane at those distances. However, our data are
consistent with the warped structure observed by Skowron et al.
(2019a,b) at larger distances. The optical (OGLE) and near-IR
(VVV) data complement each other nicely to give a consistent
panorama of the distant side of the Galaxy.

4. Discussion and conclusions

There have been many previous attempts to map the spiral arm
structure toward the inner region of the Galaxy using different

3 The line of nodes of the Galactic warp model by Skowron et al.
(2019a) is shown in Fig. 2 (gray dotted line).
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Fig. 3. Distribution of the birthplaces of our CCs assuming they are born at the spiral arms and that the spiral pattern of our Galaxy has a fixed
rotation period of 250 Myr. We have rotated the observed positions of our CCs by the angular difference during their lifetimes between the assumed
spiral pattern speed and the Mroz et al. (2019) rotation curve at their corresponding Galactocentric radii. The symbols are the same as in Fig. 2.
Individual error bars are indicated for each star (see the text for an explanation).

tracers and at a variety of wavelengths. In particular, near-IR
photometry has been widely used, for example, enabling the
study of the tangency directions as traced by the distribution
of the old red clump (RC) stars in the disk (Benjamin 2008;
Hou & Han 2015). Using VVV data, the far side of the disk
has also been studied by means of RC giants through windows
of low extinction across the Galactic plane (Minniti et al. 2018;
Gonzalez et al. 2018; Saito et al. 2020). Reaching distances up
to ~14 kpc, these studies have found evidence of the spiral arm
structure as traced by these old stars.

In this work we employ CCs, which are bright, young, and
follow accurate PL relations, making them potentially good trac-
ers of the spiral arm structure. We combined IR and optically
classified samples of bona fide CCs and homogeneously deter-
mined their distances based on near-IR photometry from the
VVYV survey. Our stars are located in the Galactic plane at lon-
gitudes that range from ~+10° to —65°, allowing us to map a
region of the disk that is poorly studied and where kinematic
distances, widely used for other tracers observable in the radio
regime, for example, are degenerate.

In previous works, the arm segments known on our side of
the Galaxy were connected with each other (e.g., Norma-Outer
arm) or to the few known characteristics on the far side (like

the maser by Sanna et al. 2017) by extrapolating over large dis-
tances. Classical Cepheids will potentially enable us to test the
extrapolation of the MW spiral arms in the poorly explored disk
far side. In addition, with a larger statistical sample we might be
able to put robust constraints on the spiral pattern rotation.

With minor modifications to the near-side spiral arm structure
traced by maser parallaxes of HMSFRs, the current position of
the present CC sample can be fitted into a coherent picture of the
MW spiral arms (Fig. 2). On the contrary, a tentative correction
for the different rotation of the stars — integrated over the age of
each CC —and the spiral pattern speed provides a less clear picture
(Fig. 3). Although the number of CCs is still small, this might be
taken as evidence favoring the hypothesis that these stars have not
significantly drifted away from their birthplaces, possibly mov-
ing together with the arms, and disfavoring the idea of spiral arms
rotating as a rigid body in the Milky Way. Therefore in what fol-
lows we will discuss the position of the spiral arms as constrained
by the current positions of CCs, shown in Fig. 2. We note that in
M 31 Kodric et al. (2018) showed a similar result, namely that the
current location of CCs coincides well with the spiral- and ring-
like structures traced by dust (see their Fig. 17).

By means of the youngest CCs, which are still close to their
birth locations, we propose a tentative location of the spiral arms
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N1 models, respectively. Bottom: projection of
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(2019b) with a period larger than five days is
now plotted as background pink pentagons. The
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in the far disk that is compatible with local tracers. Our data
suggests that the Perseus arm is connected with the so-called
Norma tangency point. We also add support to the continuation
of the Sct-Cen arm beyond the Galactic center as suggested by
Dame & Thaddeus (2011). The position of the maser reported
in Sanna et al. (2017) is fully consistent with the distribution of
CCs, which allows us to extend the portion of this arm traced
by young stellar objects. The present data do not favor the Outer
and Norma arms being connected. We speculate that the Outer
arm might be connected with the second peak known to exist in
the Centaurus arm tangency direction. In this scenario, the Outer
arm would be a “branch” of the Sct-Cen arm. If extrapolated, an
analogous origin with respect to the Perseus arm appears to be
plausible for the Sgr-Car arm as traced by masers. This would
give further support to the symmetry between the Sct-Cen and
Perseus arms (Dame & Thaddeus 2011).

If this is the case, then the MW would have two major
arms, branching out into four arms in the outer regions as traced
by young stars (see Fig. 5 for a schematic representation of
the proposed spiral structure). This could resolve the seemingly
inconsistent observational evidence in the near-IR pointing to a
two-arm spiral pattern as traced by old stars (e.g., Benjamin 2008),
with the results obtained here and from VLBI maser observations,
as has been already suggested, for example, by Reid et al. (2009).
The apparent lack of CCs in the inter-arm regions is worth further
attention. If this persists as the sample is expanded, it would pro-
vide valuable constraints on the possible arrangement of the arms.
Our CC sample indicates that the spiral arms of the MW revolve
more than ~360° around the Galactic center and their distribution
is confined to the plane of the Galaxy.

Our somewhat simple model (which only requires a kink to
be added in the Outer arm) is qualitatively consistent with the
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warped shape of the southern disk toward neg-
ative Z values is clear in this plot.
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Fig. 5. Schematic representation of the spiral arm model of the MW
as proposed in this work. The Sun is marked with a yellow dot and
the Galactic center with a red cross. The dashed lines are arm extrap-
olations; for the Perseus arm, we changed the pitch angle of this inner
segment to ¥ = 0° in order to connect it with the Norma arm, and for
the Sct-Cen arm the pitch angle was set to ¢ = 3° to connect it with the
other extreme of the bar.

present data and with HMSFRs positions. The CCs presented
here provide a prospect of the constraints that the continued
expansion of the sample size (and mitigated uncertainties) could
yield on the spiral structure of the far side of the disk, though
they are still a relatively small statistical sample to allow a robust



J. H. Minniti et al.: Using classical Cepheids to study the far side of the Milky Way disk. II.

tracing of the spiral arms. We believe that in using CCs we will
be able to extend the spiral arm segments in the near side of the
disk to the far side in the first and fourth Galactic quadrants. The
study of the far Galactic spiral structure would greatly benefit
from the assemblage of a larger sample of bona fide CCs in this
area. They are a promising tool to provide us with a clearer and
global picture of the spiral arms, complementing the current and
coming VLBI and Gaia studies of the youngest stellar popula-
tions in the disk, which combined will allow us to improve our
knowledge of the spiral structure of our home Galaxy.

Acknowledgements. We thank the referees for their constructive comments that
led to a substantial improvement of the paper. We gratefully acknowledge data
from the ESO Public Survey program ID 179.B-2002 taken with the VISTA tele-
scope, and products from the Cambridge Astronomical Survey Unit (CASU) and
from the VISTA Science Archive (VSA). Support for this work was provided
by the BASAL Center for Astrophysics and Associated Technologies (CATA)
through grant AFB170002, and the Ministry for the Economy, Development
and Tourism, Programa Iniciativa Cientifica Milenio grant IC120009, awarded
to the Millennium Institute of Astrophysics (MAS). This work is part of the
PhD Thesis of J.H.M., funded by grant CONICYT-PCHA Doctorado Nacional
2015-21151640. A significant part of this work was performed when J.H.M.
was affiliated to ESO. J.H.M. thanks ESO for the studentship at ESO Santiago.
We acknowledge additional support by Proyecto Fondecyt Regular #1191505
M.Z.), #1171273 (M.C.), #1170121 (D.M.). A.R.A. acknowledges partial sup-
port from FONDECYT through grant #3180203. This research has made use of
NASA’s Astrophysics Data System Bibliographic Services. This work made use
of PYTHON routines in the astropy package (Astropy Collaboration 2013).

References

Astropy Collaboration (Robitaille, T. P., et al.) 2013, A&A, 558, A33
Benjamin, R. A. 2008, in Massive Star Formation: Observations Confront
Theory, eds. H. Beuther, H. Linz, & T. Henning, ASP Conf. Ser., 387, 375

Bland-Hawthorn, J., & Gerhard, O. 2016, ARA&A, 54, 529

Castro-Ginard, A., McMillan, P. J., Luri, X., et al. 2021, A&A, 652, A162

Catelan, M., & Smith, H. A. 2015, Pulsating Stars (Weinheim: Wiley-VCH)

Chen, B. Q., Huang, Y., Hou, L. G., et al. 2019, MNRAS, 487, 1400

Dame, T. M., & Thaddeus, P. 2011, ApJ, 734, L24

De Somma, G., Marconi, M., Cassisi, S., et al. 2020, MNRAS, 496, 5039

Dékany, 1., Hajdu, G., Grebel, E. K., & Catelan, M. 2019, ApJ, 883, 58

Dias, W. S., Monteiro, H., Lépine, J. R. D., & Barros, D. A. 2019, MNRAS, 486,
5726

Dobbs, C., & Baba, J. 2014, PASA, 31, €035

Feast, M. W., Menzies, J. W., Matsunaga, N., & Whitelock, P. A. 2014, Nature,
509, 342

Genovali, K., Lemasle, B., Bono, G, et al. 2014, A&A, 566, A37

Gerhard, O. 2011, Mem. Soc. Astron. It. Suppl., 18, 185

Gonzalez, O. A., Minniti, D., Valenti, E., et al. 2018, MNRAS, 481, L130

GRAVITY Collaboration (Abuter, R., et al.) 2019, A&A, 625, L10

Hajdu, G., Dékany, 1., Catelan, M., & Grebel, E. K. 2020, Exp. Astron., 49, 217

Hou, L. G, & Han, J. L. 2015, MNRAS, 454, 626

Inno, L., Bono, G., Matsunaga, N., et al. 2016, ApJ, 832, 176

Inno, L., Urbaneja, M. A., Matsunaga, N., et al. 2019, MNRAS, 482, 83

Ivezid, Z, Kahn, S. M., Tyson, J. A., etal. 2019, ApJ, 873, 111

Kalberla, P. M. W., Dedes, L., Kerp, J., & Haud, U. 2007, A&A, 469, 511

Kodric, M., Riffeser, A., Hopp, U., et al. 2018, AJ, 156, 130

Koo, B.-C., Park, G., Kim, W.-T., et al. 2017, PASP, 129, 094102

Lemasle, B., Hajdu, G., Kovtyukh, V., et al. 2018, A&A, 618, A160

Lin, C. C., & Shu, FE. H. 1964, ApJ, 140, 646

Luck, R. E. 2018, AJ, 156, 171

Macri, L. M., Ngeow, C.-C., Kanbur, S. M., Mahzooni, S., & Smitka, M. T. 2015,
AJ, 149, 117

Majaess, D., Turner, D., Dékény, 1., Minniti, D., & Gieren, W. 2016, A&A, 593,
Al24

McClure-Griffiths, N. M., Dickey, J. M., Gaensler, B. M., & Green, A. J. 2004,
Apl, 607, L127

Minniti, D., Lucas, P. W., Emerson, J. P., et al. 2010, New Astron., 15, 433

Minniti, D., Saito, R. K., Gonzalez, O. A, et al. 2018, A&A, 616, A26

Minniti, J. H., Sbordone, L., Rojas-Arriagada, A., et al. 2020, A&A, 640, A92

Mréz, P., Udalski, A., Skowron, D. M., et al. 2019, ApJ, 870, L10

Nataf, D. M., Gonzalez, O. A., Casagrande, L., et al. 2016, MNRAS, 456, 2692

Pettitt, A. R., Ragan, S. E., & Smith, M. C. 2020, MNRAS, 491, 2162

Reid, M. J., Menten, K. M., Zheng, X. W., et al. 2009, ApJ, 700, 137

Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2014, ApJ, 783, 130

Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2019, ApJ, 885, 131

Ripepi, V., Cioni, M.-R. L., Moretti, M. L, et al. 2017, MNRAS, 472, 808

Ripepi, V., Catanzaro, G., Molinaro, R., et al. 2020, A&A, 642, A230

Saito, R. K., Minniti, D., Benjamin, R. A., et al. 2020, MNRAS, 494, .32

Sanna, A., Reid, M. J., Dame, T. M., Menten, K. M., & Brunthaler, A. 2017,
Science, 358, 227

Skowron, D. M., Skowron, J., Mréz, P., et al. 2019a, Science, 365, 478

Skowron, D. M., Skowron, J., Mréz, P, et al. 2019b, Acta Astron., 69, 305

Soszynski, L., Udalski, A., Szymanski, M. K., et al. 2020, Acta Astron., 70, 101

Sun, Y., Xu, Y., Yang, J., et al. 2015, ApJ, 798, L27

Thomas, G. F,, Laporte, C. F. P, McConnachie, A. W., et al. 2019, MNRAS, 483,
3119

Udalski, A., Soszyniski, L., Pietrukowicz, P, et al. 2018, Acta Astron., 68, 315

Vallée, J. P. 2017a, New Astron. Rev., 79, 49

Vallée, J. P. 2017b, Astron. Rev., 13, 113

VERA Collaboration (Hirota, T., et al.) 2020, PASJ, 72, 50

Vernet, J., Dekker, H., D’Odorico, S., et al. 2011, A&A, 536, A105

Xu, Y., Reid, M., Dame, T, et al. 2016, Sci. Adv., 2, e1600878

Xu, Y., Hou, L.-G., & Wu, Y.-W. 2018a, Res. Astron. Astrophys., 18, 146

Xu, Y., Bian, S. B., Reid, M. J., et al. 2018b, A&A, 616, L15

Zhang, B., Reid, M. J., Zhang, L., et al. 2019, AJ, 157, 200

A138, page 9 of 10


http://linker.aanda.org/10.1051/0004-6361/202039512/1
http://linker.aanda.org/10.1051/0004-6361/202039512/2
http://linker.aanda.org/10.1051/0004-6361/202039512/3
http://linker.aanda.org/10.1051/0004-6361/202039512/4
http://linker.aanda.org/10.1051/0004-6361/202039512/5
http://linker.aanda.org/10.1051/0004-6361/202039512/6
http://linker.aanda.org/10.1051/0004-6361/202039512/7
http://linker.aanda.org/10.1051/0004-6361/202039512/8
http://linker.aanda.org/10.1051/0004-6361/202039512/9
http://linker.aanda.org/10.1051/0004-6361/202039512/10
http://linker.aanda.org/10.1051/0004-6361/202039512/10
http://linker.aanda.org/10.1051/0004-6361/202039512/11
http://linker.aanda.org/10.1051/0004-6361/202039512/12
http://linker.aanda.org/10.1051/0004-6361/202039512/12
http://linker.aanda.org/10.1051/0004-6361/202039512/13
http://linker.aanda.org/10.1051/0004-6361/202039512/14
http://linker.aanda.org/10.1051/0004-6361/202039512/15
http://linker.aanda.org/10.1051/0004-6361/202039512/16
http://linker.aanda.org/10.1051/0004-6361/202039512/17
http://linker.aanda.org/10.1051/0004-6361/202039512/18
http://linker.aanda.org/10.1051/0004-6361/202039512/19
http://linker.aanda.org/10.1051/0004-6361/202039512/20
http://linker.aanda.org/10.1051/0004-6361/202039512/21
http://linker.aanda.org/10.1051/0004-6361/202039512/22
http://linker.aanda.org/10.1051/0004-6361/202039512/23
http://linker.aanda.org/10.1051/0004-6361/202039512/24
http://linker.aanda.org/10.1051/0004-6361/202039512/25
http://linker.aanda.org/10.1051/0004-6361/202039512/26
http://linker.aanda.org/10.1051/0004-6361/202039512/27
http://linker.aanda.org/10.1051/0004-6361/202039512/28
http://linker.aanda.org/10.1051/0004-6361/202039512/29
http://linker.aanda.org/10.1051/0004-6361/202039512/29
http://linker.aanda.org/10.1051/0004-6361/202039512/30
http://linker.aanda.org/10.1051/0004-6361/202039512/31
http://linker.aanda.org/10.1051/0004-6361/202039512/32
http://linker.aanda.org/10.1051/0004-6361/202039512/33
http://linker.aanda.org/10.1051/0004-6361/202039512/34
http://linker.aanda.org/10.1051/0004-6361/202039512/35
http://linker.aanda.org/10.1051/0004-6361/202039512/36
http://linker.aanda.org/10.1051/0004-6361/202039512/37
http://linker.aanda.org/10.1051/0004-6361/202039512/38
http://linker.aanda.org/10.1051/0004-6361/202039512/39
http://linker.aanda.org/10.1051/0004-6361/202039512/40
http://linker.aanda.org/10.1051/0004-6361/202039512/41
http://linker.aanda.org/10.1051/0004-6361/202039512/42
http://linker.aanda.org/10.1051/0004-6361/202039512/43
http://linker.aanda.org/10.1051/0004-6361/202039512/44
http://linker.aanda.org/10.1051/0004-6361/202039512/45
http://linker.aanda.org/10.1051/0004-6361/202039512/46
http://linker.aanda.org/10.1051/0004-6361/202039512/47
http://linker.aanda.org/10.1051/0004-6361/202039512/48
http://linker.aanda.org/10.1051/0004-6361/202039512/48
http://linker.aanda.org/10.1051/0004-6361/202039512/49
http://linker.aanda.org/10.1051/0004-6361/202039512/50
http://linker.aanda.org/10.1051/0004-6361/202039512/51
http://linker.aanda.org/10.1051/0004-6361/202039512/52
http://linker.aanda.org/10.1051/0004-6361/202039512/53
http://linker.aanda.org/10.1051/0004-6361/202039512/54
http://linker.aanda.org/10.1051/0004-6361/202039512/55
http://linker.aanda.org/10.1051/0004-6361/202039512/56
http://linker.aanda.org/10.1051/0004-6361/202039512/57

A&A 654, A138 (2021)

Appendix A: Log-periodic spiral model tic quadrants are also indicated there, corresponding, from the

fi he fourth he longi °,90°
Figure A.1 shows the parameters of the log-periodic spiral form [9r(s)'i t(l)gog] (Elllgooq;gg?]m:{n? [tzf?()c? ns%(t)g(]ie ranges [ € [0°,90°),

that was used to fit the CC positions (see Eq. 1). The Galac-

7.5

5.0

25

0.0

Y [kpc]

-2.5

-5.0

=75

-10.0
-2.5 0.0 2.5 5.0 7.5 10.0 125 15.0

X[kpc]

Fig. A.1. Schematic representation of log-periodic spiral arms and the main parameters used. The thick blue spiral has a pitch angle y; = 10°.
As an example of the effect that an increase of an arm’s pitch angle has, while leaving the other two parameters fixed, we plotted a log-periodic
spiral with ¥, = 2 X ¢, (blue dashed line). A circle is obtained if ¢ = 0, as indicated by the gray dot-dashed line. As indicated in the figure, the
pitch angle is the angle between the tangent to the spiral arm and a perfect circle, providing a measure of how tightly wound the spiral arm is. The
thick green spiral has the same pitch angle as the blue one, but a larger reference radius, Ry¢. The four Galactic quadrants are indicated by roman
numerals [-IV at the corners of the plot. The azimuthal angle, 3, is measured starting from the Sun-Galactic center direction, and increasing in the
direction of Galactic rotation, as indicated here.
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