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ABSTRACT

We analyse the positions of RR Lyrae stars in the central region of the Milky Way. In addition to the overall bar shape
detected previously, we find evidence for a peanut shaped structure, in form of overdensities near £ = —2 and 1° at b ~ —3.5°.
The corresponding physical distance between the two peaks of the peanut is ~ 0.7 kpc, significantly shorter than that found
from near-IR images (3.3 kpc) and red-clump stars. Qualitatively this is expected from ‘fractionation’ of bar orbits, which we
demonstrate to be matched in a simulation of an inside-out growing disc subsequently forming a bar.

Key words: stars: variables: RR Lyrae — Galaxy: bulge — Galaxy: evolution — Galaxy: structure.

1 INTRODUCTION

Most bars in Milky Way (MW) size galaxies have a boxy/peanut (BP)
inner bulge (Bureau & Freeman 1999; Erwin & Debattista 2017),
which has about 0.4-0.8 times the length of the bar (Athanassoula
etal. 2015). The MW is no exception with its peanut structure clearly
visible in near-IR images of the bulge region (Weiland et al. 1994).
The Galactic peanut has also been discerned in 3D: (McWilliam &
Zoccali 2010; Saito et al. 2011; Ness et al. 2012) Linked the observed
(Nataf et al. 2010) split in the magnitude distribution of red-clump
stars to the X-shaped bar/bulge. Furthermore, Ness et al. noted that
this split is clear for stars with [Fe/H] > —0.5, but not for those with
[Fe/H] < —0.5. This was the first evidence — well before the term
was introduced by Debattista et al. (2017) — that ‘fractionation’ has
taken place, presumably due to the effect of the bar on the orbits. This
was later confirmed in a number of studies, relying on observations
and/or simulations.

The results of this fractionation can be witnessed in at least two
different, yet clearly related, ways. The simplest for observations
is to use metallicity (Ness et al. 2012; Uttenthaler et al. 2012;
Rojas-Arriagada et al. 2014; Babusiaux 2016). For simulations, on
the other hand, the most convenient and more accurately obtained
such property is stellar age (Athanassoula 2018; Buck et al. 2018),
although some chemodynamic simulations made it possible to base
the analysis also on metallicity (e.g. Athanassoula, Rodionov &
Prantzos 2017; Debattista et al. 2017; Fragkoudi et al. 2020).

Here, we use RR Lyrae, rather than the more often used RGB stars,
and extend previous comparisons of simulations to observations. In
Section 2, we present our high resolution simulation. In Section 3,
we present the data and in Section 4, the BP structure of the various
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populations. We compare with observations in Section 5 and give a
global discussion in Section 6.

2 SIMULATIONS

For comparison with the data, we generated a suite of simulations
with a range of disc growing recipes using the N-body code GRIFFIN,
which uses the fast multipole method as force solver (Dehnen 2000)
and is tuned to give high force accuracy.

We grow the stellar discs throughout the simulation using the
recipe of Aumer & Schonrich (2015). Stars are continuously added
mimicking continuous star formation without requiring costly hydro-
dynamics. Stars are born on near-circular orbits, using the estimated
local circular velocity and a velocity dispersion of 8.9 kms~!. Star
formation rates are set by equation (3) of Aumer & Schonrich (2015)
with normalization 16.7 Mg yr~! and decay time-scale 8 Gyr. Their
distribution is drawn from an inside-out growing exponential disc; its
scale length is set by equation (1) of Schonrich & McMillan (2017),
growing from 0.25 to 3.75 kpc in 12.5 Gyr. To emulate gas depletion
and star formation suppression by the bar, no stars are formed at
radii 0.1 < R/Rcr < 0.7, where the co-rotation radius Rcy is inferred
from the N-body force field (giving v.i(R)) and the bar pattern
speed obtained from the m = 2 Fourier component of the surface
density once its amplitude has reached 10 percent of the m = 0
component.

All simulations are embedded in a live dark matter halo, which
allows the bar to slow and grow by angular momentum transfer. The
halo is initialised from a Dehnen & McLaughlin (2005) model with
scale radius Ry = 31.25 kpc, truncated at 10 Ry, and circular velocity
Veire(Rs) = 126.6kms~!. Disc particles have masses 1.2 x 10* Mg
and softening length € = 0.05 kpc, while the halo particles have
masses of 2.7 x 10° Mg, and softening lengths of € = 0.2 kpc. We
use 4.2 M dark matter and (at the end of the simulation) 6.7 M stellar
particles.
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Figure 1. Top: Face-on surface density distributions for the simulated galaxy at + = 12 Gyr for four different stellar age bins, with the left hand showing all
ages. Middle: Side-on surface density distributions for the same age bins. Bottom: Face-on surface density distributions for the same age bins but restricted to
0.9 kpc> |z| > 0.4 kpc (indicated by dashed lines in the middle panels) and zoomed in to emphasize how the separation of the boxy/peanut structure changes
with stellar age. Units of the colour bars are given for the last 3 columns of the panels, for the leftmost panel the units should be multiplied by two.

These simulations are computationally much cheaper than hydro-
dynamical simulations, but neglect the gas angular-momentum trans-
port. We ran many of them. Here, we present just one exemplary case
with parameters chosen such that in 11-12 Gyr of evolution the bar
reaches a length of ~ 4 kpc and Rcg = 6-7 kpc.

3 DATA SELECTION

We use the RR Lyrae catalogue (Soszyiiski et al. 2014, 2019) of the
OGLE 1V survey (Udalski, Szymariski & Szymarnski 2015), more
specifically its subset of ab-type RR Lyrae stars (RRab). These same
data were previously employed to demonstrate that this population is
part of the Galactic bar (based on the ellipsoidal shape and its orien-
tation close to the bar angle, Pietrukowicz et al. 2015; Du et al. 2020).

We derive distances to the RRab stars using prescriptions by
Pietrukowicz et al. and Du et al., which take advantage of the
relations for absolute magnitudes by Catelan, Pritzl & Smith (2004),
reddening maps by Gonzalez et al. (2012), and a formula for
metallicity by Smolec (2005). Following Pietrukowicz et al., the
data are cleaned in the colour-magnitude diagram and globular
clusters members rejected.

Finally, we select stars in the latitude range —6.5° < b < —2.8°
to avoid survey incompleteness closer to the Galactic plane. These

procedures gave a total sample of 6958 RRab stars. In the analyses
below, this number is lowered further by additional restrictions in £,
b, or Cartesian coordinates.

4 BOXY/PEANUTS OF DIFFERENT
POPULATIONS

Several studies have demonstrated in N-body and hydrodynamical
simulations how kinematic fractionation affects the bar and BP bulge
morphology of different stellar populations (Athanassoula et al.
2017; Debattista et al. 2017; Fragkoudi et al. 2017; Buck et al. 2018).
This is no different in our simulations with a growing disc. Fig. 1
shows bar and BP bulge morphologies for populations depending
on time of birth #,,y,, While Fig. 2 plots the profiles of the relative
m = 2 Fourier amplitude and the density along the bar major axis for
the same populations plus a fourth. The older stars show a slightly
smaller and more concentrated bar than later generations and a clearly
smaller inner peanut structure.

The bottom row of Fig. 1 shows the peanut structure when limiting
the z range similarly to the OGLE field. As this cuts across the X
structure, there are two separate density maxima. Their separation
increases by a factor ~2 between stars born within the first Gyr of the
simulation and those born 2 Gyr later. All simulations show qualita-
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Figure 2. Top: Profiles of relative Fourier amplitude |X,|/|2¢| for four
consecutive populations from the simulation. Bottom: Normalized profiles
along the bar for the same populations restricted to 0.9 kpc > |z] > 0.4 kpc
and [y|<0.25 kpc (perpendicular to the bar).

tively this same picture, while the precise size difference depends on
the specific bar evolution (which itself depends on various factors like
the disc-to-halo mass ratio, halo angular momentum, star formation
history, etc.). We further ran simulations, with and without inside-out
disc growth, and found that inside-out disc formation significantly
increases the separation difference. An obvious explanation is that
the inner part of the bar forms from the old inner disc and that bar
growth by capture of younger surrounding disc stars hardly alters the
occupation of the inner bar orbits.

5 COMPARISON WITH OBSERVATIONS

‘We now investigate whether these predictions of kinematic fractiona-
tion hold for RR Lyrae stars in the Galactic bulge. According to stellar
evolution theories (e.g. Marconi et al. 2015) and globular cluster
studies (e.g. Walker 1989; Clement et al. 2001), RR Lyrae stars are
generally found in populations older than ~ 10 Gyr. However, the
precise age distribution and possible contamination by e.g. binary
evolution are still debated (Giacobbo & Mapelli 2020).

The top three panels of Fig. 3 display the distribution of our RRab
stars in galactic coordinates; the bottom two panels show the oldest
stars from our simulation, observed from the two possible Solar
positions (bar angle 33°). The plots from the simulations were made
by mirroring the particle distribution with respect to b = 0° in order
to increase the resolution. The density, in particular near the upper
edge, shows two clear maxima both in the data and the simulation.
For the latter, these are generated by the peanut structure presented
in Section 2. For the RRab stars, the two maxima are closer to each

MNRAS 509, 4532-4537 (2022)
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Figure 3. Density in galactic coordinates of different subsets of RRab stars
and of two subsets of old star particles from our simulation. The maps were
constructed by a kernel density estimator with smoothing length 0.7°. Colour
scales are linear and normalized to the respective highest value.

other than in the simulation and also extend to larger |b|. These
quantitative differences indicate that the old MW bulge is radially
smaller and vertically thicker than the simulation. Note, however,
that in our simulations we have not yet introduced GMCs, which
will vertically heat the disc, and thus, influence the height difference
between observations and simulation.

Fig. 4 shows star counts in galactic longitude from the latitude
range where the peaks are most pronounced. The data show a clear
bi-modality, or equivalently a minimum at £ ~ —0.6°. We find the
significance of this minimum to exceed 3o (see figure caption for
details). The location of this minimum at negative longitudes is
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Figure 4. Distribution over Galactic longitude ¢ of OGLE RRab stars at
Galactic latitudes b € [ —5, —3.6°], and a parametric fit of a parabolic
distribution multiplied by a Fermi-distribution shaped trough:

h(€) =1—d+d/[1+exp([w — [€ — £l1/$)]

with parameters £(, w, and depth d, while the steepness is fixed at s = 1/20°.
For the best fit d = 0.207 £ 0.058, i.e. d > 0 well above 3o significance.

exactly where one expects it (for latitudes sufficiently away from the
midplane b = 0) from the geometry and orientation of the peanut.
Similarly, the depth of the minimum increases with increasing
distance from the midplane, which is also expected from geometry.
These two facts make this result even more significant.

In Fig. 5, we add distance s to the galactic coordinates to produce
a face-on view of the data. Similarly to the Fig. 3, the particle
distribution from the simulations were mirrored with respect to the
galactic plane. The cut of the sample at b < —2.8° translates into
a distance dependent cut in height, which crops the near peak less
than the farther one. The degree to which the peanut humps appear
connected in this projection depends both on the cut in latitude and
on the profile of the bar peanut (as visualised in Fig. 7 of Ness et al.
2012). The simulation plots in this figure also demonstrate the degree
to which noise affects these maps: there are various mostly small-
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scale features that appear in only one of these two equivalent maps
and are hence indicative of the noise level expected also for the data.

In the leftmost hand of Fig. 5, showing the full RRab sample, we
see a similar geometrical effect with a clear first peak in front of the
Galactic Centre (GC) and a smeared-out weaker tail in place of the
second peak behind the GC. As already mentioned, the MW peanut
structure appears to be radially smaller and vertically thicker than
our simulation, and therefore, the peaks are closer and appear more
connected in this projection. For the metal poor stars (second panel
of Fig. 5), we can actually see the far peak (at ~8.8 kpc) separated
from the first.

The fact that this separation is visible in the metal poor stars, but
not in the metal-rich stars, is consistent with kinematic fractionation,
because the more metal-poor RR Lyrae stars, the younger they are
(Sollima et al. 2014). This implies that the metal-rich population
either has too weak a peanut to be resolved with this number of stars
or is not part of the peanut but some kind of ancient spheroid.

We have visualised our data and simulations in two different ways,
once looking at the sky projection (Figs 3 & 4), corresponding to an
inclined near-end-on view of the bar, and once in a face-on view
of the bar (Fig. 5) constructed from the RR Lyrae distances. When
using distances, the peanut signature was much less pronounced and
only present for the metal poor subset of RRab stars. This is readily
explained, since the separation between the density maxima is just
as wide as the substantial distance uncertainties (o, ~ 0.56 kpc on
average, Pietrukowicz et al. 2015), to which one has to add uncertain-
ties from the photometric metallicities (Dékany, Grebel & Pojmariski
2021). Nevertheless, we added the face-on analysis in Fig. 5 for one
important aspect, not covered by the sky projections of Fig 3: The left
peak is indeed the nearer one and the overall distribution is consistent
with bar/peanut morphology. Beyond that, a more detailed analysis
of the face-on distribution require improvements on the distances.

6 DISCUSSION AND CONCLUSION

6.1 Observational context

Several previous studies attempted to look for the peanut structure in
the RR Lyrae stars and concluded that it is either absent or RR Lyrae
stars generally do not trace the bar. Debattista et al. (2017) used the
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Figure 5. Distributions projected on to the Galactic equatorial plane of the same subsets as in Fig. 3. The Sun is at the origin and the GC at (R, 0), where
we assumed Ry = 8.47 kpc for the simulation to match the RR Lyrae data. All data sets were selected in —6.5° < b < —2.8°, which translates to an oblique
cut —0.11 < z/s < —0.049 in height z depending on distance s. The maps were constructed by a kernel density estimator with smoothing length 0.15 kpc. A
double-hump structure is clearly visible for the metal poor RRab stars and the simulation data (albeit with larger separation), where it is generated by the bar

peanut and the asymmetry between back and front owed entirely to the oblique cut. Except for minor differences, the first three panels of this figure are identical

to Figs 8 & 9 of Du et al. (2020).
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sample of Dékdny et al. (2013) and both argued for a spheroidal
distribution of the central RR Lyrae population. Their sample is
slightly less populous (by ~ 10 per cent). Mostly, it appears that
previous studies were held back by using the mean distance of stars
versus longitude as a primary indicator. This is a sub-optimal choice
because this indicator strongly depends on the density profiles/extent
of the distribution perpendicular to the bar major axis, which pushes
the mean distance towards a constant value — an effect that cannot
be corrected if we do not have precise information on the density
profiles (see also Pietrukowicz et al. 2015). Also, selection function
and chosen boundary box further affect this measure.

Dékany et al. (2013) found in fact indication for a peanut-like
sub-structure in the spatial distribution (akin to Fig. 5) below b <
—5° with 20 significance for bi-modality from a KS-like test. They
disregard this in favour of an interpretation in terms of a spheroidal
distribution. However, their result matches with our findings at lower
latitude and thus adds to the significance of finding a peanut shaped
structure.

Kunder et al. (2016, 2020) analysed RR Lyrae stars with radial
velocity information and argued that they are a part of the spherical
bulge-like component. However, their data do not fully sample the
central region (—3° < [ < 3°) and mostly the area where we find the
peanut signatures. Moreover, any weak signal in their sample may
be hidden by selection effects.

Finally, Pietrukowicz et al. (2015) looked for signatures of the
peanut in a sub-sample of the stars studied in this letter. They
concluded the lack of such structure similar to that found in red
clump stars by Ness et al. (2012), but did not detect the 2-3 times
smaller peanut we have found.

Recently, Grady, Belokurov & Evans (2020) used a period-age
relationship for Mira variables in Gaia DR2 (Mowlavi et al. 2018)
to analyse the age-structure of disc and bulge, indicating that the
younger part of their sample shows a peanut-like appearance, with
less discernible structure for the oldest stars. We re-examined those
old stars in their sample and found that this is due to low number
statistics precluding any conclusions.

6.2 Theoretical implications

The central finding of this work is evidence in both simulations and
observations of a different distance between the density maxima of
the bar peanut structure depending on stellar population. We point out
that the distance between the density peaks for each single population
increases towards higher altitude. Future analysis should disentangle
this clearly from the difference in distance between density maxima
for different populations at a fixed altitude (the peanut spread factor
found in this work).

The face-on maps on Fig. 5 suggest that the separation of the peanut
humps in RR Lyrae stars is about 0.7 kpc, which is also consistent
with a projected distance of ~2.5° between the two peaks in the sky
projection (Figs 3 & 4, assuming a bar angle of ~30°). Contrasting
this with the value of ~ 3.3kpc derived from near-IR images
(Ciambur, Graham & Bland-Hawthorn 2017) or from red-clump
stars (Wegg & Gerhard 2013) sets an upper limit (due to unknown
increase with altitude) to the peanut spread factor of 4-5 between the
respective BP structures. In our simulation, the peanut spread factor
was reaching a value of 2-3 between the oldest populations and
those born 4-5 Gyr later. In our otherwise equivalent simulations
without inside-out disc formation, this factor was significantly (at
least 25 per cent) smaller. We note for comparison that Buck et al.
(2018) found a small peanut spread factor (due to their wide latitude

MNRAS 509, 4532-4537 (2022)

range it is not clear how much of the difference might be spreading
with altitude) from simulations with a cosmological setup.

Ultimately, anything that affects bar evolution, such as angular-
momentum transport from gas and to dark-matter, star formation (as
function of space and time), minor mergers, etc., can also influence
the peanut-spread factor. Presently, we have no detailed qualitative
and quantitative knowledge on these effects. The upper limit for the
peanut spread factor of 4-5, suggested by the sample comparison,
appears larger than what our and other simulations are able to
reproduce so far. If confirmed by more accurate data and larger
samples, this particular finding calls for deeper theoretical studies.
Independent of this peculiar finding, the peanut spread factor is an
interesting constraint on the growth/formation of the bar and disc.
We anticipate that it will be possible to constrain the bar formation
time by comparing the peanut spread of different populations with
independent measures of the inside-out formation.
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