Disentangling the Galaxy’s Gordian knot: evidence from

APOGEE-Gaia for a knotted and slower bar in the Milky Way
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Position and angular momentum decomposition of the inner Galaxy
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Figure 2. Top row: Normalised angular momentum distribution of the parent sample weighted by the probability of stars being associated with the knot (blue),
bar (red), and disc (green). Middle row: Angular momentum distribution of the three samples identified using our angular momentum decomposition Gaussian
mixture likelihood method with their corresponding 20~ confidence ellipse. Here, the confidence ellipse should not be interpreted as the Gaussian fits to the
data, but are instead to guide the eye as to the extent of each component. The distribution of these components is much tighter in angular momentum space than
in position space, making it easier to dissect stellar populations in the inner Galaxy. For these and the bottom row, only stars with high probability of them being
associated with their respective components are shown (i.e., p > 0.8). The knot component shows a much tighter distribution in angular momentum, centred
around L ~0 kpc kms~!. Bottom row: Galactocentric Cartesian coordinate projections of the three components (disc, bar, and knot) identified with the angular
momentum decomposition with their corresponding 2o confidence ellipses. The APOGEE pencil-beam footprint is clearly apparent, making any identification
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in [x, y, z] space challenging. In the middle and bottom rows the cross-hair corresponds to the position of the Galactic centre.

Iron and o element abundances
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Figure 3. Median [Mg/Fe]-[Fe/H] density distributions for the knot (top left), bar (top right), and inner disc (bottom left) samples from 20 posterior chains of
probability values computed using the angular momentum Gaussian mixture model decomposition procedure. Only stars within R < 3kpcand 1.5 > log g > 0.5
are shown in the knot, bar, and inner disc panels, to account for systematic trends with surface gravity in our element abundance measurements. For reference,
we also show disc populations in the solar neighbourhood (bottom right), defined the same way as the knot/bar/inner disc sample but for stars with heliocentric
distances smaller than dg < 2 kpc (again, only showing stars with 1.5 > log g > 0.5). The knot, bar, and inner disc samples follow a single track in the a-Fe
plane. All three populations show a trough in [Mg/Fe] at [Fe/H] ~ solar, and are vastly different from disc populations in the solar neighbourhood; the solar
neighbourhood sample also displays the known disc @-Fe bimodality (Hayden et al. 2015), which is not seen for inner Galaxy populations. The inner disc sample
shows a higher fraction of stars in the high-[Mg/Fe] sequence than the bar and knot (see also Fig 4). The similar chemical abundances between the knot, bar,
and inner disc suggests that these populations share a similar star formation history and likely formed over similar timescales. Thus, the chemical compositions
of these three samples indicate that they are likely related. The different abundances between the inner and solar neighbourhood discs suggests different star
formation histories. The higher [Fe/H] abundances of the inner disc suggests that it formed more rapidly and with a higher star formation rate/efficiency when
compared to the disc in the solar neighbourhood, in contrast to recent studies (Bovy et al. 2019).
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Figure 4. Normalised histogram distributions of [Fe/H] (left), [Mg/Fe] (middle), and age (right) for stars in the knot, bar, inner disc, and solar neighbourhood
disc. Only stars with 0.5 < log g < 1.5 are used, to ensure no metallicity gradients and/or systematic effects in the abundances. Moreover, for the right panel,
a cut of [Fe/H]> —0.5 is performed to ensure trustworthy ages, as below this metallicity there were no stars in the training sample used in astroNN. The inner
disc sample is dominated by stars that are more [Fe/H]-poor and have higher [Mg/Fe] abundances when compared to the bar/knot. This is also the case when
comparing the bar to the knot, although the differences are more subtle. In fact, there is a gradient in @-Fe, whereby the distribution for the knot is weighted to
lower [Mg/Fe], the bar sits in between the knot and inner disc, and the inner disc is weighted towards more enhanced [Mg/Fe] abundances. We find that the age
distribution of the knot, bar, and inner disc are all qualitatively the same, and are comprised by old stars (Age > 7 Gyr). The abundances and ages of the solar
neighbourhood disc are vastly different to the inner Galaxy populations, in contrast to recent findings using similar data (Bovy et al. 2019).
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Figure 5. Azimuthal angular momentum as a function of Galactocentric
radius squared. Markers show the values for the centroids of our model fits,
whereas shaded regions show the 167 h and 84'h percentile range for the
data with a probability of being associated to the bar (red) and inner disc
(green) greater than p > 0.8. The red line is a linear regression fit to the
fitted L, values for the bar component in independent radius bins, where
the uncertainty is computed using the scatter in the corresponding L, values
(i.e., oL,). We note that we also fitted the full data of bar member stars
weighted by pp, (i.e., a weighted fit to the bar sample), and found the
same Qy,, value. The dashed green lines are linear models with slopes that
match the high and low estimates of the pattern speed from previous works
(Qbar = [33,43] kms~! kpc™!). The fit to the bar sample yields a value for
the pattern speed of Q. = 24 + 3 kms™! kpc‘l. This value is lower than
recent estimates (Portail et al. 2017; Bovy et al. 2019; Sanders et al. 2019),
which we find more closely agree with the inner disc data (green).
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Figure A3. Measurements of the pattern speed of the bar in the mock
APOGEE data set. The layout is the same as Figure 5. Given that we know the
true values for the mock data set, we are able to compare the fit parameters
with the true values.
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Figure 6. Azimuthal frequency as a function of (cylindrical) Galactocentric radius. Shown as dotted lines are the curves computed assuming the rotation curve of
the Milky Way from Eilers et al. (2019) (gray) and Reid et al. (2019) (blue). As dashed (dashed-dotted) lines we also show the profiles of the positive (negative)
resonance condition curves (par + k /2 or Qp,r + k/4). As a shaded red line we show the range of azimuthal frequencies we measure in this work for the Milky
Way bar’s pattern speed, Qu,r = 24 +3 kms~! kpc™!. For comparison, as a blue shaded region we show the range in values for Qj,, reported in previous studies.
The radius at which the dotted line crosses the value of the bar’s pattern speed marks the corotation radius, which we estimate to be Rcr ~ 9.4 kpc using the
Eilers et al. (2019) rotation curve, and Rcr ~ 9.8 kpc using the Reid et al. (2019) one; this leads to an average value of Rcr ~ 9.6 kpc (orange). This result
implies that the solar neighbourhood is likely within the influence of the Galactic bar, and is in conflict with previous estimates, which suggest a corotation
radius of Rcg ~ 5 — 8 kpc. Moreover, the radius at which the €, — x /4 profile crosses with the pattern speed demarks the ultra-harmonic resonance. We find

this to be Rygr ~ 6.4 for when assuming either of the two rotation curves used.
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