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ABSTRACT

With a sample of 48,161 K giant stars selected from the LAMOST DR 2 catalogue, we
construct torus models in a large volume extending, for the first time, from the solar
vicinity to a Galactocentric distance of ~ 20 kpc, reaching the outskirts of the Galactic
disc. We show that the kinematics of the K giant stars match conventional models,
e.g. as created by Binney in 2012, in the Solar vicinity. However such two-disc models
fail if they are extended to the outer regions, even if an additional disc component is
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In this work, we assume that the Milky Way is ax-
isymmetrical with a gas disc, two stellar dises, and a
spheroidal halo and bulge. The density of dises is written
as (Dehnen & Binney 1998)

b3 ;
pa(R,z) = == exp (—i -- ﬂ — &) (6)

taf

where Ry is the scale length, z4 is the scale height, and ¥4
is the central surface density. The parameter R; describes a
central depression, and is set to be non-zero for the gas disc,
and zero for the stellar discs. The spheroidal components
have the form

2
po rom -
)5 R..Z = - en | — ko iy
s ) m? (1 +m)P— : (?'mt ) (M

where

o= () ()

and pp is the central density, ry is a scale radius and the
parameter g is the axial ratio of the isodensity surfaces. The
parameters v and 5 are the slopes for the inner and outer
densitv profiles respectivelv. and r..+ 18 the cutoff radius.

The surface density of a disc is an exponential function

y . ( R
3(L.) =X exp (—m) . (10)

where radius R, is derived by assuming a circular orbit with
angular momentum L.. Given the radius of the Solar circle
Ro, the vertical and radial velocity dispersions are controlled
by the scale parameter R,

Ty = Oy €XP M Tx = Fafy ©XP M (11)
= Ty €X] Rc s Tz = T €X] R,o =

The distribution function of a single dise is controlled
by 4 parameters oo, -0, Ha, and R,. The Ly truncation
scale parameter is fixed at the Torus Mapper value of 9780
kpe km s (Binney & McMillan 2016). An extra parameter
is needed to adjust the ratio of the thick to thin discs. In
total we have 9 free parameters to control the DF of our two
component stellar disc system.
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Table 2. y* for the best-fitting parameters of the distribution functions. The fiducial parameters of the DF are labeled by fid. The
row of B12 corresponds to the parameters in Binney (2012). The rows labelled from 1 — 10 are the models around the second row ( fid,
MI1b) . '_\;5_”“_!1, is estimated by the first 16 blocks in the Solar neighbourhoaod, ,\_Emh“u by (17-20), 'xﬁm_m_ by (23, 24), '\;?JUIU by (258, 26)
anil -“%‘nm] is estimated by all of 26 blocks (the blocks are defined in Table 1).

Thin Thick ratio 2 fdio:f
{ oo F=0 iy Az ) { oo F=0 Ry B ) ( anti-centre Pole Total )
kms™! kms™! kpe kpe kms™! kms™! kpe kpe inner  middle  outer

312 40.1 25.6 2.58 8.93 25.8 45.0 211 4.04 0.772 3.01 4.28 32.1 1.13 4.50
fid 29.0 12,9 2:41 10.8 50.6 79.3 4.07 19.3 0.67 2.27 2.53 2,38 1.85 2.08
1 26.1 42.9 2.41 10.8 45.5 79.3 4.07 19.3 0.67 2.67 3.54 4.85 2.26 2.61
2 31.9 42.9 2.41 10.8 507 79.3 4.07 19.3 0.67 3.35 2.42 5.04 3T 2.9
3 29.0 38.6 241 108 50.6 71.4 4.07 19.3 0.67 2.37 2.42 6.18 3.43 2.38
4 26.0 47.2 2.41 10.8 50.6 87.2 1.07 19.3 0.67 2.32 2.50 5.36 247 2.25
B 29.0 42.9 217 10.8 50.6 79.3 3.66 19.3 0.67 2:52 2.56 3.62 3.64 237
6 29.0 42.9 2.65 10.8 50.6 9.3 448 19.3 0.67 2.39 2.89 2.91 2.58 2.26
7 29.0 42.9 241 9.72 0.6 9.3 4.07 17.4 0.67 2.21 2.88 2.81 2.50 2.15
8 29.0 42.9 2.41 11.9 50.6 79.3 4.07 21.2 0.67 2y 2.82 4.34 3.34 2.39
9 29.0 42.9 2.41 10.8 50.6 79.3 4.07 19.3 0.60 227 2.81 4.16 3.43 2.28
10 29.0 42.9 2.41 10.8 50.6 79.3 4.07 19.3 0.74 2.39 237 5.96 2.42 2.32
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Table 3. The reduced y? for different mass models. The main parameters of dises. bulge and dark halo are listed in the table. G1 and
(G2 correspond to the two groups with differing solar position and motions. The best-fitting model is M11b in Group 2. The notation of
different mass models is described in Sec. 4.

Thin Thick (ias bulge halo x?/d.o.f
( Xo Ry ) ( Eo Ry ) ( Eo Ry ) ( po q ro ) ( po q ro) GI G2
Mg, fhpe? kpc Mg, /kpe? kpe Mg, /kpe? kpe Mg, /kped kpe Mg, /kpe?
Pl4 5.T1lel 2.68 2.51e8 2.68 9.45e7 5.36 9.4910 0.5 0.075 1.8le7 1 144 4.32 2.59
B121 1.02e9 2.4 1.14e6 2.4 7.30e7 4.8 1.26e9 0.8 1.09 7.56e8 0.6 1 2.53 2.88
B1211 T.68e8 2.64 2.01e8 2.97 1. 1668 5.28 9.49¢10 0.5 0.075 1.3267 1 16.5  4.27 2.54
Mlle T7.53e8 3.0 1.82e8 3.5 - - 9.41el0 0.5 (0.075 1.25e7 1 17 4.36  2.29
Mllb 8.17e8 2.9 2098 3.31 - - 9.56e10 0.5 0.075 8. 466 1 20,2 3.73 2.08
BTOS 1. 18es 2.0 1.66e9 2.0 1.32e8 4.0 T.11ed 0.8 3.83 4.27e8 0.6 1 2,80 2.37
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the total light of the galaxy. Error bars at the bottom indicate the median
uncertainty for each 0.05 x ry bin,
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. Jps if mp <15
Sérsic index: {cl P e 15

ps if Cys0=04
cl if anj{] <04

ps if Vo =-0.18
cl if Vo<-0.18

Concentration index: {

Velocity dispersion: {

ps 1if the bulge lies below and outside
+20 of the relation for elliptical
Kormendy relation: ¢ galaxies
cl  if the bulge lies within
the + 20 range
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ID  NED name BT Mp C20,50 Vo Kormendy rel  Classification
= 1.3 >04 =-0.18 low-outlier

(1) (2) 3) (4) &) (6) (7) (8)

2 UGC00005 0.01 ps ps cl ps pseudo
3 NGC7819 0.12 ps cl cl ps

6 NGC7824 0.38 cl cl cl cl classical
8 NGCO0001 0.41 cl cl cl cl classical
20 NGCO160 0.29 cl cl cl cl classical
31 NGC0234 0.04 ps ps ps ps pseudo
33 NGCO0257 0.10 cl cl ps cl classical
43 IC1683 0.12 ps cl cl cl classical
45 NGCO0496  bulgeless bulgeless ps ps bulgeless bulgeless
47  NGCO0517 0.55 cl cl ps cl classical
119  NGC1167 0.23 cl cl cl cl classical
147  NGC2253 0.08 cl cl cl cl classical
275  NGC2906 0.14 cl ps ps ps pseudo
277  NGC2916 0.07 cl ps cl cl classical
311  NGC3106 0.30 cl cl cl cl classical

489  NGC4047 0.03 cl ps ps ps pseudo
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Name Type® D®  ref® o° ref* Mgb® [Z/H]* [a/Fe]® R 1’ rent® €° Lt fi®
(NGC) (Mpe) (kms™) 5 I G (x10™ Lke)

1399 E1 200 1 280 2 486 10 2202 0.00 25.8 0.78
3115 S0 9.7 4 229 4 346 20 2494 0.61 9.0 0.54
3379 E1 106 1 197 1 403 -011 029 40.1 10 19L.7 0.15 7.5 0.75
4278 EI2 16.1 1 228 1 415  -0.06 040 315 10 155.0 0.07 7.7 0.66
4472  E2 16.7 2 288 1 387 -0.22 030 949 20 3134 0.19 41.6 0.54
4594  SA 9.0 3 251 3 702 22.5% 297.1 0.46 18.0 0.42
4649  E2 6.5 2 308 1 423  -012 0.36 664 20 241.3 0.19 29.6 0.61
4697  E6 1% J 180 1 330 -0.29 026 623 10 240.2 0.37 8.3 0.81
7457  SA0 122 4 74 1 277 .19 012 365 5 1551 045 2.0 0.90

Cgalaxy classifications from de Vaucouleurs et al. (1991)

b gistances in Mpe derived from surface brightness fluctuation measurements by: (1) Blakeslee et al. (2001); (2) Blakeslee et al.
(2009); (3) Jensen et al. (2003); (4) Tonry et al. (2001)

Cyelocity dispersion (o) from: (1) Cappellari et al. (2012); (2) Saglia et al. (2000); (3) Jardel et al. (2011); (4) van den Bosch
(2016) and Emsellem et al. (1999)

d’Mg b lick index, metallicity and ¢ abundance from McDermid et al. (2015).

€The effective radius (R.), derived using the formulation of Cappellari et al. (2011): the average of the B-band R, from de
Vaucouleurs et al. (1991) and that based on 2MASS LGA data, Re oarass = 1.7 xmedian(j _r_eff,h r eff, k r eff)y/k ba.

SThe radius defining the central region that is excluded from our analysis *For NGC 4594 we remove an elliptical inner region
with semi-minor axis — 22 5”and semi-maior axis — 168"
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Figure 1. The IMF forms considered in this paper (scaled
to have a similar number of stars with m = 0.5 Mg). The
solid-magenta line shows a Kroupa like IMF. This is similar
to that observed in the Milky Way and consists of a broken
powerlaw (BPL) with an = 1.3 and as = 2.3. The dashed-
blue line shows a bottom heavy BPL model which is similar
Kroupa above 0.5 M, but has a steeper slope at lower stellar
mass, with oy = 2.8. The dotted-red line shows a top heavy
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Figure 2. The specific frequency of LMXBs, n, =
#L;'i-irXBsflﬂm Lk, as afunction of velocity dispersion (e,
black points). The lines compare these data to the predic-
tions presented in P14 for an invariant IMF (solid grey line),
an IMF which varies from Kroupa at low o to a single power
law with o« = 2.8 at high o (dashed blue line), and an IMF
which varies from Kroupa at low ¢ to a single power law with
o = 1.5 at high o (dotted red line). The formation efficiency
of LMXBs is poorly constrained theoretically. We therefore
scale all models to fit the data (and hence predict different
n. at low o, where all models have a similar IMF).
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Figure 3. Data as in Figure 2. The solid-blue line shows an
increasingly bottom heavy IMF model in which the number
of low mass stars (< 0.5 Mg) increases systematically with
o, with a1 increasing from 1.3 to 2.8 (@2 remains constant
at 2,3). The dotted-blue lines are for az = —2.16 and -2.48,
which are the conservative constraints these data place on
variation in the high mass slope.
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Figure 4. Same as Figure 3, but where the model is based
on an increasingly top heavy IMF. In this model, the number
of low mass stars (m < 0.5 Mg) is constant (with ay = 1.3)
and the number of high mass stars increases with o (with o
varying from 2.3 to 1.5).
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Fra. 1. A mosaic image of the two FRBW pointings of NGO 628, covering the inner part of the galaxy and a portion of the outer disk
in the South-East (image rotated with North-up). The circles show the position of class 1 (red), class 2 (green). and class 3 (blue) cluster
candidates, See section 2.2.2 for a deseription of our clhssifeation used bere. Detected objects are covering the portions of the Beld of view
that are in commune among the imaging taken in the 5 standard LEGUS filters.
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TABLE 1
THE LEGUS pATASET oF NGCG28,

Filters Program number Pl exptime ZP(Vega) aver apcor® det limits®  det threshold
sec mag mag mag electron/sec
(1) (2) (3) (4) (5) (6) (7) (8)
Inner pointing (NGC628c)
WFC3/F275W 13364 Calzetti 2481.0 22.632 -0.817x 0.066 23.29 0.009
WFC3/F336W 13364 Calzetti 2361.0 23.4584 -0.750 = 0.060 23.91 (0.010
ACS/F435W 10402 Chandar 1358.0 25.784 -0.656 £ 0.034 24.93 0.013
ACS/F555W 10402 Chandar 858.0 25.731 -0.634 = 0.054 25.05 0.021
ACS/F814W 10402 Chandar 922.0 25.530 -0.751 = 0.037 24.27 0.030
Outer pointing (NGC628e)
WFC3/F275W 13364 Calzetti 2361.0 22.632 -0.795 £ 0.097 23.38 0.009
WFC3/F336W 13364 Calzetti 1119.0 23.484 -0.706 = 0.059 23.48 0.018
ACS/F435W 10402 Chandar A720.0 25.784 -0.695 £ 0.039 25.26 (0.010
WFC3/F555W 13364 Calzetti 965.0 25.816 -0.740 = 0.038 25.22 0.024
ACS/F814W 10402 Chandar 1560.0 25.530 -0.843 = 0.050 24.42 (.029

2 Averaged aperture corrections used to produce the final AV_APCOR cluster catalogues.
b The listed values correspond to the 90% completeness limits at the detection thresholds listed in column
8. Completeness limits have been estimated using synthetic clusters with sizes larger than 1 pc. See details
about the meaning of the recovered completeness values in the main text.
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Fia. 19. Number density of systems more massive than 5000 Mg per unit time as a function of age using equally spaced temporal
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bins (bin size is 0.6 dex). The shadowed areas show the regions of the diagrams that are affected by incompleteness and excluded from
the analysis. The fit to each distribution within the age range 10 to 200 Myr is illustrated with a dashed line. The recovered slopes are
included in the corresponding insets. The left panel illustrates the change in number density of the whole population (class 1, 2, & 3,
green triangles), cluster candidates (class 1 & 2, orange dots), compact associations (class 3, blue diamonds). The central panel shows the
number density of clusters as a function of age within an inner and outer region. The two regions contain the same number of clusters with
mass above 5000 Mg. In the left panel we split the sample into low mass (log( M) < 3.9 Mg, magenta dots) and high mass (log(M) > 3.9
Mg, green diamonds) clusters, See text to follow the discussion of the results.




