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ABSTRACT

Non-axisymmetries in the Galactic potential (spiral armd bar) induce kinematic groups such as the Hercules strdasuming
that Hercules is caused by th&eets of the Outer Lindblad Resonance of the Galactic bar, weemanalytically its properties
as a function of position in the Galaxy and its dependenceherbar’s pattern speed and orientation. Using data from RéER
survey we find that the azimuthal velocity of the Herculesitire decreases as a function of Galactocentric radius,nr@nner
consistent with our analytical model. This allows us to obteew estimates of the parameters of the Milky Way’s bar. @dmabined
likelihood function of the bar’s pattern speed and angleitsamaximum for a pattern speed 6 = (1.89 + 0.08) x Qg, where

Q is the local circular frequency. Assuming a Solar radius.66&pc and a local circular velocity of 238 km'sthis corresponds

to Qp, = 56+ 2km slkpc’l. On the other hand, the bar’s orientatighncannot be constrained with the available data. In fact, the
likelihood function shows that a tight correlation exiséteen the pattern speed and the orientation, implyingathatter description

of our best fit results is given by the linear relati@g/Qo, = 1.905+ 0.0044(¢n(deg)— 47.7), with standard deviation of.02. For
example, for an angle af, = 30deg the pattern speed is.64 0.5 km s'kpc™. These results are not very sensitive to the other
Galactic parameters such as the circular velocity curve@peculiar motion of the Sun, and are robust to biases iartist

Key words. Galaxy: kinematics and dynamics — Galaxy: structure — Galdisc — Galaxy: evolution —

1. Introduction range from 10deg (Lopez-Corredoira et/al. 2000; Robinlet al
ﬁ’i) to 45 ded (Hammersley eilal. 2000; Benjamin &t al.|2005)

The existence of a bar in our Galaxy is supported by a variety®he presence of a secondary bar in our Galaxy is also

studies using data from HI 21cm and CO emission, star coumtgrently under debate (Martinez-Valpuesta & Gerhard 2011

in the Galactic Centre (GC), IR observations from DIRBIRomero-Gomez [.2011).

(Diffuse InfraRed Background Experiment) on COBE (COsmic [Kalnaj$ (1991) presented an indirect method to measure the

Background Explorer) and GLIMPSE (Galactic Legacy Infdarebar properties based on the location of kinematic strusture

Mid-Plane Survey Extraordinaire) with Spitzer, or micmde the Solar neighbourhood. He related the velocities of thadég

ing surveys (seéﬁémm for a review). However, praad Sirius moving groups to the two types of orbits expected

vious research has revealed inconsistent results regatldin around the Outer Lindblad Resonance (OLR), and in this way

characteristics of the bar. For example, estimates of its paonstrained the bar’s pattern speed and its orientation.

tern speed range from 40 to 65kmilspc? (Gerharbl 2011) Many more substructures in the local velocity distribution

while the estimates of its orientation with respect to the Swere unveiled by the ESA's astrometric mission Hipparcog. (e
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DehneH 199€; de Zeeuw efal. 1999; Chereul ¥t al.11999). Most 100 BAVE Solar |
of these groups were initially thought to be remnants ofigited R
clusters (Eggen 1996). However, there is evidence of a large S0r

scatter in age and metallicity in some of them (Raboudlet al.

1998;[Dehner_1998; Skuljan ef al. 1999; Famaey et al.|2005; w0
jkoval 2007 Antoja et al. 2008). Therefore, it is =
likely that these substructures formed as a response tootfe n > ~90p

axisymmetries of the gravitational potential rather thainb
groups of stars of a common origin. -100
Several studies aftér Kalnajs (1991) have attempted to use

150 b

these local velocity groups to better constrain the pragemf — ~

the Galactic bar (e.dﬁ@)oo, hereafter DO0), and also 100 58 (kgqs-l)so 100

of the spiral structure (e.g. Quillen & Minchev 2005). Howev

Antoja et al.|(2009, 2011) have shown that the groups detécte Fig. 1. Heliocentric velocities of the Solar Neighbourhood from

the Solar vicinity can be reproduced by models witffiefient pa- the RAVE local sample of A12. We have marked the loca-
rameters, including bar @nd spiral structure, highlighting thattion of the most important kinematic modes, named here OLR
local estimates are subject to degeneracies. (Hercules stream) and MAIN modes

The simulations of Antoja et al. (2011, 2009) as well as those

of e.g..Quillen et al.[(2011) have shown that the groups’ kine . . _ . . .
matics change across the disc. Recently, using actiore amggi- with velocities similar to the high velocity staf I_-|ercuI|s.
eIIinglM?ﬁ (2013) showed how the local Hyades strearft!SO [Blaauw (1970) noticed an excess of negaliveveloc-
can be due to theffects of diferent resonances such as the Inndj€s (With U directed to the Galactic centre) for stars with
Lindblad Resonance or OLR of a non-axisymmetric pattern i ~ —50kms™, that is a stream of stars with eccentric or-

the disc. But these models predictidiences in the stream kine-P!tS With @ mean outward radial motion. The Hercules stream
matics throughout the disc. is also evident in the Solar Neighbourhood velocity distrib

With the advent of data from new surveys such as RAVEON Of RAVE stars (Fig[). By using photometric data for a

(RAdial Velocity Experiment, Steinmetz efl/al. 2006) theatet Sub-sample of Hipparcos stars Raboud et al. (1998) shovatd th
tion of kinematic groups is no longer limited to the Solariric the Her_cules meta}lllcny distribution covers the wholegarmb-
ity. The first example was given by Antoja ef al. (2012) (heré_erved in the old disc{0.6 dex to+0.6 dex) and a heterogeneous

after A12) where wavelet transform techniques were useé-+o &Iistributior) of ages between 6 to 10 Gyr. Similar conclusion
tect kinematic groups beyond the Solar neighbourhood in tH§"€ obtained using colour as a proxy for age (Definen|1998),

RAVE survey. The sampled volume allowed the demonstratifth isochrones for giant stars (Famaey é{ al. 2005), witsag
that some local groups can be traced at least up to 1 kpc a Strémgren photometry a!‘d spectro-photometrlc rhqtal
from the Sun in certain directions and that their velocitieange €S for F and G dwarfs (Helmi etal. 2006; Bobylev & Bajkova
with distance. These discoveries point toward the excitiogr 2007;.Antoja et all 2008), and also with high-resolutionmabu
sibility of using observed velocity distributions in a nuertof dance.s for F an_d G dwarf Stam 007)'. A.IthOUQh
regions of the Galaxy to break degeneracies and eventuaily ct1€re is some discrepancy regarding the lower age limit ef th
strain the properties of the spiral arms and the bar. group, which ranges fror_n 110 6Gyr, itis now clear that this
A12 showed that Hercules, a local group of stars movirﬂj'OUp does not originate in a single population or cluster.

; ; : The first dynamical models for Hercules were presented in
outwards in the disc and lagging the Local Standard of Raest,
a larger azimuthal velocity inside the Solar circle and alliafnalboo and Fux((2001), and were based on tfieas of the bar on

one outside. Here we quantify this trend in more detail whid t the local velocity distribution. DOO proposed that Hersuben.-
new RAVE DR4, showing that it is consistent with thgeets of sists of stars that have been scattered by the OLR. In pkatjcu

the bar's OLR, and we use it to constrain the properties of tHY Certain ranges of pattern speeds and orientations dfahe
Galactic bar prop group of unstable orbitx{(2) orbits) divides the velocity distri-

In Sect.[2 we review the properties of the local Hercul tion into two main groups (bi-modality) separated by deyal

stream and its relation with thetects of the bar's OLR. Also ig.[1, see also Sell 3). One group is approximately cetotne

by extending the modelling work of DOO, we derive an analyti@e U-V velocity plane (MAIN mode) and the other one has a

expression for the variation of the azimuthal velocity oftides tSrLOW:I’ rot?tmn, mean outwarg[%dml gwotlon and is assedittt
as a function of Galactocentric radius foffdrent bar properties. eD(()a(;cu_ es |mt0\(/j|r':r? grOlIJp '(t 5 tmg t('a). tthe Sol "
We then use simulations of a barred disc to test this model an simuiate € velocity distribution at the Solar positi

; P barred potential using two-dimensional (in-plane) pesti-
the recovery of the simulation’s parameters (gct. 3). let.gp ©' & PAITEC : . - : )
we measure the observed azimuthal velocity of Hercules a Igorbnal integrations with the backwards integraticshteque.

function of radius for RAVE stars. We finally compare thes he bar model was a quqdrupole potential (his Eq. 3) r(_)tating
measurements with the predictions of thigeets of the bars With Spéeck2, and orientation anglg, with respect to the line

OLR and we derive the best fit parameters of the bar (8kct. §}!n-GC. He used a simple underlying potential (his Eq. 2H) wi

Sectior 6 contains a final discussion and conclusions. a’power-law rotation curve of the form:
Ve = Vo (R/Ry), 1)
2. The Hercules stream whereR, denotes the Sun'’s distance from the GC widhe local

circular speed. Figulld 2 shows the rotation curves in thideho
for different values o8.

The Hercules moving group (also refereed to ad tkenomaly) By considering only these axisymmetric power-law poten-
was initially identified b rn_(1958) as a group of 22 stat&ls (thus neglecting theflect of the quadrupole bar), whose

2.1. The local Hercules stream and the OLR
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Table 1. Best-fit values for4, b, c) in Eq.[3 obtained in DOO.

orbital frequencies can be derived analytically and by iism

&

e
e

ig. 3. Position ofv, . as a function oR for several bar param-
fers and rotation curves. The normalization of the ratatiove
is herevy = 238 km s® and the Solar radius Ry = 8.05 kpc.

hood). For this, we replace the quantities describing thlarSo

$v(deg) a b c neighbourhood by their respective functional forms, tisati
15 1.3549 0.0761 0.1362 by Vo(R/Ro)? and Qg by Vo(R/Ro)’/R (Eq.[). In cylindrical
20 1.2686  0.0642 0.1120 Galactocentric coordinateg,(= V + Vo), Eq.[4 becomes:

25 1.2003 0.0526 0.0892

30 1.1424 0.0406 0.0711 145 R 1

35 1.0895 0.0298 0.0538 + b

40 1.0420 0.0200 0.0423 Vsoux(R) = avo (R/RoY’ 17— 1~

45 1.0012 00103 0.0316 1=AL WoR/R 1+ ((1+)/2

50 0.9653 0.0012 0.0238 —(b+ cB - 1) Vo (R/Ry)(5)

In this way, the position of the saddle point between the Hesc

ing terms of O¢*/v3), DOO showed that the stars on unstapl@nd the MAIN mode is a functiomyor = (2, V0,3, ¢b, R).
resonant orbits exactly on the OLR of the rotating frame farmNOW ¢y is the angle between the considered region (not necessar-

lai loci h I ; : ily the Solar neighbourhood) and the bar. As explained in,DO0
parabola in velocity space (the valley) described by a higher (lower) force of the bar creates more (less) procedn

Vi U_2 ~. = 1+8 1- Qp/Qo @ features in the velocity plane but does not influence siganifiy
2% T 1-8 1+ J1+ 92 ’ &OLR, and, therefore, it does not appear explicitly in Egk. (2) an

whereU andV are the velocities with respect to the Local  Figure[3 shows, . as a function of Galactocentric radius
Standard of Rest anf is the local circular frequency. ThisR for different bar properties andftéirent rotation curves. For
parabola has a maximum¥t= Vo, occurring atd = 0 (a sad- this plot we have set a Galactocentric radius of the SuRy0f

dle point). However, in his simulations including the quamle 8 .05 kpc and a circular velocity at the Sunwf = 238 kms?
bar the saddle point between the two modes appears shiftedolifowing recent results by Honma et dl. (2012) based on VLBI
U and also inV with respect to the analytic estimate given bystrometry of Galactic maser sources. We see that theqositi
Eq. (2). Then he found that thé-velocity of the saddle-point the saddle point decreases WRHThis is in agreement with what
Vo could be fitted by: was reported by A12 for Hercules in the RAVE data. According
Vo ~ aVour — (b + €8) Vo, 3) ]tcgrtze_rgo;jsgl, the position of the saddle point decreasearline
where the values of, b andc are reproduced in Tabld 1 and

depend on the bar’s orientatigg. Using EqslR and 3 we find:

V¢,0LR(R) ~ (a_ b+ 1) Vo — (6)

% o
1+ V12

1+ Qp/ Qo
Voir ® - -(b s 4
avo 5 » ﬁl+ﬂ)/2} (b+cp)vo (4)

We see also that for a given angle (shown by lines with the same
which relates the position of the Hercules saddle puit to  colour), a higher pattern spe€x, (lower group of curves) pro-
the pattern speed of the bar, its orientation (through patars duces asmaller, ., ata given radius compared to lowgey (up-

a, bandc) and the slope and normalization of the rotation curv@er group). For a fixed pattern speed, larger bar orienta(ieu
Using the local observed velocity distribution of Hippasatars curves) lead to a relation between saddle pajnt, andR that

DOO found this saddle point to be ., = (-31+ 3) kms™. has a diferent slope compared to smaller angles (blue curves).
We also notice a slight dependence on the slope of the rotatio
curveg: depending on the pattern speed, decreasing (dotted) or
increasing (dashed) rotation curves give smaller or lavger.
compared to flat (solid) rotations curves. This dependendaé

Our purpose is now to generalise Ef] 4 toffefient to the resonances moving closer or farther away from the Sun a
Galactocentric radiR (i.e. not necessarily the Solar neighbourthe rotation curve is changed.

2.2. Analytic model for the Hercules stream across the
Galaxy
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3. Validating the analytical model with simulations

In the previous section we presented an analytical modehtor
Hercules stream which relied on specific assumptions ondhe p
tential, namely the shape of the rotation curve, and on theete
frequencies of the orbits. To test the validity of this mo@spe-
cially Eq. (8), in this Section we use an independent sinat
that has been run using afdirent potential.

3.1. Test particle simulations

We use a simulation similar to that bf Antoja et al_@oog), in
which the bar’s pattern speed §&, = 47.5kms*kpc™*. Our

simulation uses the same quadrupole bar as in DOO and is also
two-dimensional. However, our axisymmetric potentialiiseg

by [Allen & Santillan (1991) (A91), and composed of a bulge

and a flattened disc modelled as Miyamoto-Nagai potentials,

10

X(kpc)

and a spherical halo. This axisymmetric model uses a [aifie Fig. 4. View of the simulated disc with the ierent bands se-
Ry = 8.5kpc for the Solar radius and a local circular speed dgcted. The bar is indicated as an ellipse with an orientadio
Vo = 220 km s®. The resulting circular velocity of the model is20 deg with respect to the Sun (a38.5 and Y¥=0).

shown in Fig[ 2 (dotted-dashed line). This curve is fairlyetient

than the power-law models of Eg. 1 by D00, and presents sec-

tions with diferent slopes and normalizations. The inner peak
due to the presence of the bulge. ThiSelient underlying model

Ve now aim to explore the velocity distributiony( v,) of these
bands as a function of Galactocentric radius. Wevgeposi-

does not have the same orbital frequency dependenciesaiseidve towards the GC al. We take bins in radius of a width of
derive Eq[2 and, therefore, allows us to test if the appraximAr = 600 pc every 600 pc. The number of stars per bin ranges

tions are nonetheless valid for other potentials.

between 2000 stars for the outermost bins to 10000 starkéor t

Another important dference of our simulation as comparednnermost ones (Figufé 6 top).

with DOO is that we use dierent initial conditions and a filer-
ent integration scheme. Instead of the backwards integratie
start with 12 10° test particles with an initial distribution func-
tion that satisfies the collisionless Boltzmann equatiomlias
cussed i

In the first column of Fig.l5 we show these velocity distribu-
tions for the band with 40 deg orientation (blue band in Elg. 4
These panels reveal a bimodal distribution, with the stmecat
lowerv, and negativer being the modelled Hercules group. For

st (1993). The density follows an expdakntthis band, we take bins frolR = 7.6 kpc toR = 10.6 kpc as this

disc and the velocity distribution is adopted as a Gaussiém wis the range for which Hercules can be traced. Simple visual i

a radial velocity dispersion decaying exponentially witldius,
with value of ~ 50kms* at the Solar radius. The azimutha
velocity dispersion is related with the radial one through t
epicyclic approximation and the asymmetric drift is alsketa
into account. The initial conditions generated in this weg/r@ot
fully consistent with the potential and we expect these tngfe
in time until reaching stationarity. To avoid these transaffects
we first let our initial conditions evolve in the axisymmetpo-
tential for several Gyr (sée Monari etlal. 2013 for a disauspi
Afterwards, we introduce the bar abruptly in the potentiad a
the final distribution is obtained through forward integwatof
the orbits for 04 Gyr (equivalent to- 3 bar’s rotation). We con-
sider the particles in a given volume to study the velocistrii
bution of a particular position in the disc. This is in costréo
D00, whose results correspond to a single position in cordigu
tion space.

Figure[4 shows a sketch of the face-on view of the simul
tion, with the Sun aX = —-8.5kpc andY = 0, the bar oriented

with ¢, = 20 deg with respect to the Sun, and the Galaxy rotat-
ing clockwise. From this simulation we have selected theéipar

spection shows that, as predicted by our modelytheslocity of
Hercules (or equivalently the velocity of the saddle pojy,.<)
decreases as a function Bf In the next section we show how
we measure the velocity of the saddle paip-.

3.2. Measuring Vy.o.= in the simulations

We measure the position of the saddle paip.« as illustrated
in Fig.[3 for the band at 40 deg:

1. We rotate they, vr) velocities to align the Hercules struc-
ture with the horizontal axis, leading to the new coordipate
(Vi V}). Visual inspection shows the rotation angléo be
between 10deg and 20 deg depending on the band and ra-
dius considered. To simplify the method we use the same
angle for all bins and we choose a value of 15deg for rea-
sons specified in stép 3.

We estimate the probability density in this velocity spac
using the Epanechnikov adaptive kernel density estimator
method @mm& with an adaptability exponent of

a-
2.

cles located in 4 dierent bands with orientations of 20 deg (the  0.1. (Fig[$ second column).
assumed Sun’s position), 40 deg, 60 deg and 80 deg with respgc We integrate overs, only inside the range/=[-130,-

to the bar. The width of these band\is = 4 deg and we add the
particles in the symmetric bands at respective angles ofi2gp

220 deg, 240 deg and 260 deg, which are dynamically equitzalen

1 Note that these values arefféirent from the recent ones by
[Honma et &ll.[(2012) that we used for Fig. 3 and that we will aise
for the RAVE data in SecEl4. However, this does ndéet our results
or conclusions as our analytical formula is general and eanded for
any set of parameters.

10] kms* (within the black vertical lines in the second col-
umn) to avoid contamination from other groups or regions of
the velocity plane. The distribution alomj is shown in the
third column. We clearly see the presence of the two peaks
separated by a valley. The Hercules peak is indicated with
an orange dashed line. We see how for sriRalHercules

is stronger than the MAIN mode, while as we move out-
wards in the disc it becomes weaker. Of all rotation angles
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Fig.5. lllustration of the steps followed to locate the saddle pejn,- for the band at 40 deg. First column: scatter plot of the
velocities in bins in radius as indicated in the top righttjedithe panels. The red cross in these panels shows our desgiom of
the saddle point. Second column: velocity distribution pated with the kernel adaptive method after a rotation ofdmates by

an angled = 15 deg. Third column: distribution oﬁ inside the region limited by black vertical lines shown ie gecond column.
The red dashed line and red error bar show the position of thiemam corresponding to the!; velocity of the saddle point and its
erroreys. The orange dashed line indicates the Hercules peak. Feaittinn: distribution in/ inside the green rectangle shown in
the second column. The green dashed line and green errondas she position of the maximum which corresponds ta@})@R

velocity of the saddle point and its erreyy.

6 = 10,15, 20, 25 deg, the angle &f = 15 deg gives the max-

more negative with radius. For larger radii the distribntio

imum height of Hercules (orange dashed line) for most of in V4 is noisier and has several maxima (bottom panels of

the bands and radial bins. This means that for this angle the Fig.

structures are better aligned with the horizontal axistép s

). This is because the number of particles for ldRge
decreases and the valley is wider and contains less particle

we estimate the error on the final location of the saddle (only 24 particles were inside the green rectangle of the las

point derived by assuming this value. Then we locate the po- radial bin). In this case our determination

sition of the minimum/gyc>LR

4. We estimate the error ivg

(red dashed line).
by generating 500 bootstrap

,OLR

., May not
be accurate. For instance, the last bin of the band at 40 deg
does not follow the overall trend.

samples, repeating stes 1o 3, and computing the stand&rd'Ve CONVErte,, ., Vi ) back to (rowr, Vi.oie) by rotating an

deviation of the obtained set ‘ﬁ,m, which is typically very

small (~ 2kms?, red error bars in Fid]5 third column).
Fig.[@ (second panel) shovv‘;c>LR as a function oR for the 5
radial bins (blue diamonds). These velocities decreade wit
R. Additionally, we showv, , . for the other bands at 20 deg,
60 deg and 80 deg infierent colours which depict the same
behaviour.

5. To get theV}, of the saddle point, we derive the distribu-
tion alongV¥ (fourth column) inside the green rectangles
of Fig.[8. These are centred in the valle\;{;’&R) with a

width of 20 km s®. We then find the maximum of the curve
Vo (green dashed line). We also estimate the errgjn,
through the bootstrapping technique and it is typically of

5 - 10kms* (green error bars). The position @ . as

OLR

angle—0. The position of the saddle point is indicated with
red bars in the first and second columns of Elg. 5. The value
Vs.or IS the observable needed in our modelling. To obtain
the errors invrox andvy ox We must consider two contribu-
tions. First, the statistical errors which, as explainedvah

we get from the bootstrapping methasly). Second, the er-
ror made by using a fixed value for the rotation ang(ey).

To estimate the latter we repeat st€ps [lto 6 using the two
extreme angles @f = 15+ 5 deg, we compute the maximum
difference between the new determinationggf andvy o«

and the ones fa# = 15 deg and assign thisftBrence to the
error, which turns out to bg 5km s, Finally, we add both
errorseys andey in quadrature.

The measured velocitiag ., are shown Fid.16 (bottom) for

the four bands. For all bands, the velocity decreases Rith

a function ofR is shown in the third panel from the top ofoyerlaid on the points are the theoretical curves fromEar5 f
Fig.[@ (blue diamonds). In general, this velocity becomgge input parameters of the simulatid®y(= 47.5 km skpc™,
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c 1 red lines show thed, 20- and 3r confidence regions, respec-
_60F ‘ E tively. The input parameters of the simulation are showrhwit
o g | ! H % ) L 1 alight blue cross. The maximum and the expected value of the
g ~—8op T % i % 7 two-dimensional pdf are indicated with a red cross and aster
< _io0F i 3 isk, respectively. The red triangle is the maximum of the-one
3 r dimensional marginalized pdf’s.
< —120 B
" 140 - f o _
- —d4=ii5 =% 3.3. Maximisation and parameter space sampling
250F SN $=%0
o - s-s0 1  We compare the determined values of the position of the saddl
2S00l b poiNntVy o With the estimates obtained from Hq. 5 through the
= r chi-square statistic:
S 150F . 2
= ] Vi o\, model
2 ¢,0LR; ¢,0LR;
r = . 7
T ) o
6 8 10 12 14
R (kpe) We assume that the noise associated with the data pointsecan b

represented as a Gaussian process and, therefore, we car-app

. . . . 2
Fig.6. Several measurements for the bands &edént bar an- imate the likelihood function byrob « exp(—% - In the max-
gles of the simulation as a function of radRsTop panel: num- imisation of the probability, we consider the pattern spesd
ber of stars per bin. Second panel: measuvg%gR. Third panel: in units ofQy, i.e. in practice we fif2,/Qo. We takela range of
measured?, .. Bottom panel: final determination o, and  [0: 3-41Q0, which corresponds to [200] kmskpc™, in steps
expected theoretical curves. of 0.0025 or~ 0.07 km s kpc™. Thl_s range is Iarge_enough not

to influence the posterior probability density functionfjpé&or
the slope of the rotation cury&we use the range-p.2,0.2] in
steps of 1. These limits are the ones considered in DOO for
which the fit given in EqL13 is valid. The bar's anghg is ex-
plored in the range of [B0] deg in steps of 8 deg. Outside this
range, the model of E] 4 is not valid as the Hercules stractur
does not exist or there is just a counterpartgt> 0 in the
velocity plane (e.g. Fig. 2 in D0O0). Note that this range igiac
\é‘ﬁy larger than the limits considered in DOO to obtain theofit

Vo = 220kms?! andRy = 8.5kpc), along with the four bar
orientations of the bands. As the slope of the rotation cur

changes with radius for the A91 model (Séctl] 3.1), we plot for @ (h .

; . e used up to 50 deg). However, as we showed in[Sélct. 3.2
each band three curves correspondingte 0.2,0,-0.2. We q ( : . :
see that our measureg),, are consistent with the predictions(F'g'E) the extrapolation to larger angles is valid.

of Eq.[8, given the errors. We see more discrepancies at large
radii where it is more dficult to detect reliably the position of 3.4. Recovering the parameters of the model

the saddle point for the reasons mentioned above. Notehbat t . .
discrepancy between the estimated value in the last radigsb '9UrelI shows the pdf for our toy model in tig-Qy plane

the band at 40 deg and that expected is due to the poor deteffj-the bands at 40 and 60deg. This pdf has been marginal-

nation ofv%,_ _ (stef) and we shall reject this data point in odg€d OVers, since we do not expect to constrain the slope of
AR the rotation curves to a single value as it varies in our simula-

analysis of SecL. 34. tions over the distance range considered. Indeed, we findya ve
We have also validated the analytical model with other sinflat pdf in the direction of3. In Table[2 we give the maximum

ulations with diferent values of the pattern speed, which moved the probability, the mean or expectation of each paramete

the resonances to other positions of the disc, and the mace f E(¢p, ), together with the standard deviation of the g

and obtained similarly satisfactory results. We will nowaeer andog,/q,, and the correlation cdigcientpy,o, for each band.

the input model parameter from the simulated data. In Fig.[d the br, 20- and 3r confidence regions are delimited
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Table 2. Results of the fits for the toy model. The input pattern spe€thi= 1.8360 = 47.5 km s'*kpc™* for all cases.

Input  ¢(MAX) E(dp) o4, Qb/Qo(MAX) E(Qb/Q0) Tay0y Pene, E(Qb/Qol¢n = input) E(Qulé, = input)

(deg) (deg) (deg) (kms*kpc™)
40deg 29. 2. 12 1.79 180 0.06 0.98 801 47%0.3
60 deg 80. 55. 13 1.90 1.81  0.06 0.97 1:8802 47404

by the dotted, dashed and solid red lines, respectivelynidne 4. Hercules in the RAVE data
imum of the probability is indicated with a red cross where
the mean Efy, Q) is shown with a red asterisk. There is a hig
correlation between orientation and pattern speed (altoatb
in DOO) with a correlation ca@cient aroung, o, ~ 0.98, with

e use now the RAVE survey data to measure the position of
the saddle poin, .. as a function of R. Our aim is to establish
whether the observed trend is consistent with the analytideh
higher values of), preferred for larger bar angles. developed in Se€. 2.2 and to constrain the bar propertieagr

For the band at 40 deg the maximum and the mean of the ;?(?fSt fits to the observations.
are similar. They are also close to the input value of the rhode
(light blue cross), which is in the limit between the &nd 2r 4.1, The RAVE data
confidence regions. However, if we remove the (problematic) ) )
last bin inR for this band, the input value lies well inside théVe use the RAVE DR4 (Kordopatis et al. 2013, submitted)

1o region. For the band at 60 deg, the mean and the maximz2@d the distance determination method by Zwitter et al. (201
the pdf difer significantly. This is because the probability distrihich leads to a new data set with 315572 &afe stellar
bution is flatter and more asymmetric, and in this case themedmospheric parameters of the DR4 are computed using a new
can be considered a better estimate and more represerativeiPeline, based on the algorithms of MATISSE and DEGAS,
it takes into account the skewness of the pdf. The input vialug2Nd presented in_Kordopatis et al. (2011). Compared to DRS3,
close to the mean value and falls well inside taerggion. From DR4 is 5 times larger and the spectral degeneracies and the
the values in Tablgl2 we see that the recovered values caerpredMASS photometric information are better taken into consid
an dfset with respect to the input parameters of arouri® deg €ration, improving the parameter determination (and h¢nee
in the orientation but only of 04Q, or ~ 1kmslkpc® for the distance estimation) with respect to previous data retease
pattern speed. Nevertheless, input and recovered valeesar Select 274103 stars in the plane wiff) < 1kpc, as for this
sistent given the standard deviations. We obtain similanlts 'ange of heights we expect to be able to detect fiiects of
for the other bands. the barl(Monari et al. 2013). We use proper motions froffedi

The two-dimensional pdf contours are approximately ellignt catalogues, mainly PPM@%?@O%) and UCAC2
tical and can be locally well approximated by a multivariatéZachari ..2004), choosing from each catalogue the va
Gaussian centred on the expected values and with a covaria#@s With the smallest errors. Following Honma etlal. (201&@) w
matrix given by the values of Tablg 2. This approximation aliS€ @ position of the Sun oK(Y) = (~8.05,0) kpc and a circu-
lows us to establish a tighter joint constraint on the setwm- lar velocity at the Sun of, = 238km s to compute the posi-
eters (orientation and pattern speed). Furthermore, if aue h tions and cylindrical velocitiesr andv, of the stars. We adopt

conditional best estimate f&r, would be: Rest of Uo, Vo, Ws) = (10,12,7)kms™ from[Schonrich et al.

o ).We examine later on the implications of these adbpte
P67/ (¢p, — E(4p)) (8) Values on our results. Figure 8 (grey dots) shows the posit
Ty these selected RAVE stars.
From the stars within 1 kpc from the plane, we select a band
of stars at 6 deg with respect to the line Sun-GC with a width of
Var (Qp/Qoldp = ¢by) = o-éb/go (1 —pibgb) (9) A¢ = 6deg (blue dots in Fifl]8). There are in total 71605 stars in
. . . this band, of which 94% are giants. We choose this band becaus
This linear relation is shown as a green line in Ej. 7. FOr &)-covers a large range @& while keeping the errors in distance
ample, we might put a prior o, to be the exact input value, 5ng kinematics small. Bands at other angles have less stdrs a
i.e. 40 or 60 deg. The resulting conditional expected valres |5rqer kinematic errors or cover smaller range of radii. e
indicated in the last two columns of Taljle 2 (in unitsafand  gian relative error in distance for this band is 27%, the rmedi

. 71 . .

in km s tkpc™) and we see that we recover with high accuraGyyor in transverse velocity is 20 km's whereas radial velocity
(1%) the input pattern speed. This can also be seen inFidefors are smaller than8km s for 90% of the stars. iy is the
where the light blue cross aimost lies on top of the green line grientation of the bar with respect to the Solar neighboatho

_ If we marginalize the pdf's of Figl7, we obtain the best esyg orientation of this band with respect to the bapys- 6 deg.
timates for each individual parameter independently onéisé ag i Sec[B, we divide the band in bins Rfbut we now take

of parameters and their corresponding confidence interVas  ping every 02 kpc with a width ofAR = 0.2 kpc. In Fig[® (top)
maxima of the individual marginalizations are shown wittee r e show the number of stars per bin. The range of radii that we
triangle in Fig[¥. Whereas for the band at 40 deg, this yialds, pe for this band is [8, 8.6] kpc (red asterisks in the figure).
peak that is close to the maximum in the two-dimensional pghside this range we fail to detect the Hercules structlinés

for 60 deg the new peak is completelff.oThis is because the 4y he due to observational errors, to the fact than Herdsiles
global pdf is highly degenerate and asymmetric, and the Ongasked by the other groups and due to the number of stars which

dimensional pdf’s.d.o not capture the main correlation betwe yocreases substantially. On the other hand, the averagjet loéi
the parameters, giving unsatisfactory results. Therefaréest

results are given when the two parameters are simultaneoust In A12 we used DR3 and distances [by Burnett étlal. (2011) with
estimated. 202843 stars with 6D phase-space information.

E(Qb/Qoléb = ¢b1) = E(Qb/Q0)+

with a variance:
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shows a particularly conspicuous OLR mode lbut Monari et al.
(2013) have shown recently that for longer integration tme
(i.e. older bars) the distinction between the MAIN and theROL
modes is less clear and more similar to observations.

Due to the above limitations we introduce a change in our
method with respect to SeEl. 3. This is because the adapive k
nel density estimator produces a weak signature of the tercu
peak, sometimes seen only as an inflection point. We there-
fore prefer to use the wavelet transform (WT) instead. This
is especially suitable to enhance overdensities and uederd
sities (Fig.[I0 second column), and has been applied exten-
sively for the detection of kinematic groups (Skuljan et18199;
[Antoja et al[2008, A18) We use here a range of scales between
22-45kms? (see A12). The WT detects also other peaks such
as Hyades or Sirius apart from the Hercules group in the dis-
tribution of V) (third column in Fig[ID). Figur&11 shows the
Vy.aor fOr the diferent bins which decreases whhas expected

Fig.8. Positions of the RAVE DR4 stars selected wi <
1 kpc (grey dots) together with the stars selected in the an
¢ + 6 deg with respect to the bar (blue dots). The Sun is=at X
8.05 and ¥0. A schematic bar with an (arbitrary) orientation o
¢p = 20deg is also shown.

df Hercules is caused by the bar's OLR.

E. Results: application of the analytic model to the

RAVE data

10°F We proceed to obtain the most likely bar properties consiste
104; e with the RAVE data. We use the maximisation parameter ranges
: as explained in Sedf_3.3. Note that we had to assume values fo
10%F Vo, Vo, U andRy to compute the individual,, vk andRfrom the
“ 2? e observables. In Se¢i 5.1 we keep these parameters fixel@, whi
10°F . in Sect[5.2 we consider also changes in these parameters. In
10" F Sect[5.B we discuss thdfect of the observational errors and
oF * possible biases in distance.
1%t
081 5.1. Results for fixed Solar parameters
S 06f Figure[12 shows the two-dimensional marginalized pdf<2y
< (left), -Qp (middle) andg,-B (right). The first panel presents
N 0.4 T a well defined peak. By contrast, the other panels show flatter
02 E distributions, especially for the slopeof the rotation curve for
“r which we do not obtain any constraint. In Table 2 (Model 1)
0.0L . - - - we give the details of the pdf af, — Qp, that is the maximum
4 5 6 7 8 9 10 of the probability, the expectation of each parametei, KQy),
R (kpc) the standard deviations of the distributiop, andog,q,, and

Fig.9. Number of stars per bin iR (top) and mediarZ coor-
dinate (bottom) as a function & for the band selected in the

the correlatiorp,,q,. From Fig.[I2 we can observe (as in the
simulations of Secf_3l4) the strong correlation betwggand

RAVE DR4. The red asterisks are the bins used in our analys%.ID with a correlation coficient of py,o, = 0.98. Correlations

the stars (bottom panel of Figl. 9) increases significanttgida

etween other parameters are much smatlgs; = —0.03 and
Pgss = 0.05. _ _ _
The maximum of the pdf is the red cross in Higl 12 and is

the mentioned range due to the RAVE fields selection. Foelartpcated at ¢y, Qy/Qo) = (44.5deg1.89). The expected values
heights above the plane the kinematic structures may be a#6 shown as a red asterisk. For the choice of the parameters
diluted and, additionally, the behaviour of the orbitalguen- Vo = 238kms* andR, = 8.05 kpc, the pattern speed aBQ

cies can be dierent from those in-plane which may invalidat€orresponds t€, = 56.0 kms*kpc™. There are no significant

Eqg. ().

4.2. Measuring Vy o= in the RAVE data
We now follow the steps outlined in SeEE.1B.2 using the RAv&IMost the whole range @, (from ~ 20 deg to~ 80 deg). The

data. The process is shown in Hig] 10. The first column showsg
that the Hercules stream is not as clear as in the simulaticm
depicted in Fig[b. This may be due to several reasons. Fi

differences between the maximum and the mean of the pdf for
Qy, as they dter only by 1%. For the bar’s orientatiaf, we
obtain a broader likelihood distribution than . In the left
panel of Fig[ IR we see that the tegion (dotted red line) covers

For our simulations of Sedf] 3, we also tried the WT but codetl
t the kernel density estimator performed better. Theoeés that the
T overestimates the position of the . for the cases where the

the presence of observational errors dilutes velocityclines. jercyles structure is remarkably separated from the MAINienor,
Second, the bins in the RAVE data are located at relativegiela in other words, where the gap is wider than 60 kin@or bins at the

heights from the plane (Fidl 9) which can also wash out thgtermost radii). As this is not the case of any bin of the RAla,
Hercules signal. Third, the test particle simulation of tSBc we are not fiected by this WT bias here.
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Fig. 10. Same as Fid.l5 but for the bandéat+ 6 deg for the RAVE data. The velocity distribution of the sed@olumn is obtained
through the wavelet transform (see text).

230F 3 tions in Sect[B, and is due to the global pdf being degenerate
200 E 3 and skewed especially in tigg direction. The resulting fit of the

- 3 one-dimensional pdf’s is the red curve shown in Eig. 11 leiel

£ 210 4 as“ld max”. This curve fits very poorly our data, showing once

\f«c 3 more that the one-dimensional pdf's do not capture the n@in ¢

5 200E 4 relation between the parameters and give incorrect results

> Because of the tight correlation betwe@p and¢y, and the
190 3 large dispersion in the probability fat,, we actually obtain a
180E ‘ ‘ .. 1 better fit and a tighter constraint when we use the apprapriat

75 8.0 8.5 9.0 combination of parameters. In the same manner as in Sect. 3,

R (kpc) under the bivariate normal approximation, using[Eq. 8 andBEq
we can establish a linear relation betwegrandQy, that allows

Fig. 11. Position of thev, . as a function oR for the band at 5 1o gbtain the best estimate @f, given a particular value of
¢+ 6 deg for the RAVE data. Several fits from Table 3 (see text) We obtain:

are overplotted.
E(Qp/Qolpp = ¢by) = 1.905+ 0.0044(¢p, (deg)— 47.7)  (10)

with standard deviation of.02. In units of km s'kpc! this is:

maximum of the pdf and its meanttér by 6%. The fit given by E(Qy|¢p = ¢p;) = 56.33+ 0.1316(¢, (deg)— 47.7) (11)
the maximum of the two-dimensional pdf is plotted on top & th L 1o 1 .
data points in FigT1 (black curves) labelled as “2d maxt, fdVith standard deviation of Bkm s “kpc™. The greenline in the
three diferent values of. left panel of Fid. IR indicates this linear relation. An exaenis
The fact that we can constrain the value of the pattern sp wn in the last two columns of Talile 2 (in units(@f and in

1 —1 — 1
but not the orientation is probably because we only have dafd'S KPC ). For the angle of, = 30 deg we obtain a pattern

o d of 50 + 0.5kmstkpct. This model is shown on top
for a small range of radii§ 500 pc) compared to the toy modePP€€ £ Vo KM A ,
(2 — 3kpc) and also because of the large errors in the meas E'ghe data points in Fig. 11 (blue curves) labelled *30 deg” f

Ment ofv s This is also expected qualitatively from inspectio ree diferent values gB. We see that these curves fit better the

of Fig.[3, where we see thatftérent pattern speeds occupy disg.ata po_lnts,l compgrelq t%thgff:ur\éle f?(r the ma)l('mtﬁ of the one-

tinct regions, while curves for fierent angles or slopes of thelyezg'gna mﬁrghlnalze Ip' z( g(éatcirve)' n the ramﬁ b

rotation curve can be rather close for cert®iand may become 10~ 49 deg, which as explained in Sedt. 1 encompasses the bar
orientations independently estimated in the literature weould

undistinguishable due to the observational errors. gbtain a range of pattern speed 062 560 km s kpc -
One could marginalize the pdf's of FIgIL2 to obtain the best Figure[I3 shows thed confidence limits for slices of the

estimates for each individual parameter. If we proceed i@ t ree-dimensional probability atfiérent values of compared
way, we get the maxima c_)f thle individual margmallzquons e}g Model 1 (marginalized oves). The curves do not €er sig-
shown with a red triangle in _F|E_12_ left. FGL, the maximum ificantly, meaning that the dependence onglparameter is not
of the two-dimensional pdf is similar to the one-dimensiond o ) .
Strong. For instance, when we fix our modeBte 0 (Model 2 in

maximum, difering only by 4%. However, note that fgy the S
maximum of the one-dimensional pdf is quitefdrent (55%) Table3fl, we obtain similar resuilts for the pdf ¢h andq;, when

from that obtained from the two-dimensiongy — Q, panel.  “ In principle, we do not expect our Galaxy to have a rotatiorveu
This is analogous to what happened in the case of our simuanilar to the power laws in the model with a singieandg and that
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Fig. 12. Two-dimensional marginalized likelihoods (over the 3rdgmaeter) for the model parameters for the RAVE data. Dotted,
dashed and solid red lines show the, Po- and 3r confidence regions, respectively. In the left panel the maxn and the expected
value of the two-dimensional pdf are indicated with a recssrand asterisk, respectively. The red triangle is the maxirof the

one-dimensional marginalized pdf’s.

Table 3. Results of the fits for the RAVE data.

Model du(MAX) E(dp) 0y, Qu/Qo(MAX) E(Qu/Q0) a0, Pona, EQb/Qoldn = 30deg) EQul¢, = 30 deg)
(deg) (deg) (deg) (km s *kpc™)
1 standard 45, 48. 17. 1.89 1.91 0.08 0.98 1832 54.@ 0.5
2 p=0. 65. 48. 17. 1.97 1.90 0.07 0.99 188.01 54.6: 0.3
3 V,=5kms? 59. 47.  18. 1.90 1.85 0.08 0.98 148.02 52.6 0.5
4 freevy 45, 48. 17. 1.89 1.91 0.08 0.97 188.02 54.% 0.6
5 ey, <15km st 41. 48. 17. 1.89 1.92 0.08 0.97 1808.02 54.4 0.5
6 Binney dist. 44, 45.  19. 1.89 1.90 0.09 0.98 18802 54.% 0.5
7 overest. dist. 30% 33. 34. 22. 1.86 1.87 0.10 0.99 4®92 544 0.5
8 underest. dist-30%  50. 48. 18. 1.92 1.92 0.08 0.95 1482.03 54.3 0.8
stand. (Model 1) 5.2. Varying the Solar parameters
E .. beta=0 (Model 2) E
2.0F 3
~ B e To turn parameters such ggor Ry into free parameters in our
& 1.9F 3 model fitting, we need to compute, for each of these, the new
g (vy,vr) andR for the data. In particular, (which is one of the
1.8F 3 required observables) is obtained by adding to the “medSure

: E heliocentric velocities the adopted valuevgtndV, and rotat-

: - s s E ing them by an angle that depends on the position of the star in

0 20 40 60 80 the disc (which in turn depends on the positions in the slgy, di

9, (deg) tances from the Sun and the adopted valuBg)f As a short-cut

Fig.13. Two-dimensional likelihood in thegy-Qp space

marginalized oveg (red) and for slices of the three-dimension

probability at diterent values g8. The dotted lines show therl
confidence regions.

compared to Model 1 (blue and red curves in Eid. 13).4er0

to this time-consuming process, one can see that for a patic

Atngular band the change on the individuabf a star due to a

change invg andV,, will translate into a shift of the measured
Vy.or- This results in thatp andV, become free parameters. On
the other hand, for the band considered here (only at 6 deg fro
the line GC-Sun) the parametdk, has little influence on the
computation of,.

For Model 3 of Table[B we changed the value 4

the curves are similar only fa, around the two-dimensionaliy 5km st (e.g.[Dehnen & Binnéy 1998). We see that this
maxima (red cross). This is why the fit obtained with the twasjightly reduces the expected value @f to 18500 (Qy =
dimensional maximum (marginalized ovgy fits the trend in 547 km stkpcl). Also the conditional value of), for ¢p =
Fig.[11 for diferent values g6. For other angles (away from thegq deg is reduced to 52+ 0.5 km slkpc L.

2D maximum), there is though a slight dependencg.donder
the assumption that the parametrization of the rotatiomecof

Model 4 in Table[B is the best fit obtained wheg is

Eq.[ is valid, this figure demonstrates tiigt = 30deg, and a free parameter. We explore this parameter in the range of
B = 0.2 (orin general positivg) are favoured by the data only if [224, 252] km s* (Honma et all_ 2012) using bins of 1 km's
the pattern speed is higher. As clearly shown in Ei§. 11 with t This change, however, does ndfext the determinations of

blue-dashed curve, the linear relation of Eg. 10 is not vialid

positives.

is the reason why in Model 1 we marginalized ogeHowever, recent

studies point to a rather flat rotation curve. For instanaanrhia et al.
) using observations of masers clgm= 0.022 + 0.029 (their
parameter).

10

Qp/Qo and ¢, with respect to Model 1. FigufeLl4 shows the
pdf in theQy-V,, plane, with a correlation cdigcient ofoq,y, =
—0.03. Forvp of 224 or 252 km st we get similar best fit pattern
speeds in the combineg — Qp, pdf (1.880Q and 190Q, respec-
tively). However, once scaled to the respecti¥g the pattern
speeds become 32and 5% km skpct. On the other hand,
the pdf forvg is very flat as can be seen in Hig] 14.
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22 ' o marked with a dotted line. In Tab[g 3 we give the details of the
21 - ; two-dimensional pdf’s in the same manner as the previolescas
: The results for these four additional cases are similar to
~ 20 Model 1. For example, for the distance method by Burnettlet al
a (2011) (Model 6) we find an almost identical two-dimensional
=19 :
& maximum and & contour. For the four cases, the two-

1.8 dimensional maxima are all located inside or very close & th

1o contour of our standard Model 1. Moreover, the maxima are

1.7 only shifted along the direction of degeneracy of Model 1 and
16 ; their confidence regions also follow the same degeneracy. We
205 230 235 240 245 250 do see, however, that the bar’s orientation is more seasitiv

V, (km/s) observational errors and biases. For instance, the samfiie w
the smaller errors (Model 5, blue diamond) has a maximum for
Fig. 14. Two-dimensional (marginalized over the other paramerbar orientation that is 4 deg smaller than for Model 1 but the
ters) likelihood function in thep-Qp, plane for the RAVE data. same expectation value. We also find a smaller (larger) bar's
entation in Model 7 and 8 when we correct the distances sup-

230 ' ' A e el 5) ] posing that they were overestimated (underestimatetipwegh
3 t. (V L3 they are consistent within the errors. Thesgedences are be-
220 o overest. dist (Model 7) 3 L R . .
~ * cause biases in distance systematically change the slagpe of
g 210f c?k% % E relation betweew, .. andR. We obtain similar results for the
< 54‘ best pattern speed, whereas the value for a fixed orientation
3 200F g E 30 deg changes at most by7&m s 'kpc™.
E [ 3
190F i 3
180k . A . . E 6. Discussion and conclusions
80 2 g 86 88 We have derived the pattern speed of the Galactic bar from the

_ - ) analysis of the kinematics of the Hercules stream &edint
Fig. 15. Position of thevy ..« as a function oR for the band at  Galactocentric radii, assuming that Hercules is causetidgt

¢v + 6 deg for diferent cases of RAVE data. fects of the bar's OLR. The crucial observable for this measu
. . _ ment is the azimuthal velocity of the saddle point that sefesr
E . X stand. (Model 1) Hercules from the main part of the velocity distribution.
2.0%— o 8y<15 km/s (Model 5) _ In particular, starting from the model by D00, we have de-

O overest. dist (Model 7) rived an analytical expression for how the azimuthal vejoci
of the saddle point changes as a function of position in the
Galaxy and its dependence on the properties of a barred-poten
tial, namely, the bar’s pattern speed, orientation, andstbpe
and normalization of the rotation curve. We then used data
: _ . _ E from the RAVE survey to measure this velocity as a function
0 20 40 60 80 of Galactocentric radius. We have found that it decreas#s wi
0y, (deg) radius in a manner that is consistent with our analytic model
_ ) ) . o ) By fitting the measured trend, we have derived the best fit pa-
Fig. 16. Two-dimensional (marginalized ovg) likelihood inthe  rameters of the Galactic bar. To our knowledge, this is ths fir
$p-Qp space for dierent cases of RAVE data. Dotted lines showme that the information on how a moving group changes as a
the 1o~ confidence regions and thefidirent symbols are the two fynction of radius is used in deriving the parameters of the-n
dimensional maxima of the likelihood. axisymmetries of the disc.

We tested the reliability of our analysis by comparing the
model predictions with the “measurements” of the velocity o
the saddle pointin a toy model consisting of a test partiohelis
Here we explore the influence of the observational errors aladion. Although the analytical model was derived usingstes-
biases on the analysis of Sdct.]5.1 by considering four plessilar orbital frequencies for simple power-law Galactic paigls,
cases. In the first case (Model 5) we consider only stars veith \it was found to reproduce well the trends found with a more
locity errors in thevg andv, directions smaller than 15km’s complex Galactic potential (with three components: haldgé
This contains 35% of our initial sample and has a total of Z60and disc). Our method to locate the velocity of the saddlatpoi
stars. In the second case (Model 6), we use the distances sizcessfully finds velocities that are consistent with treslje-
tained with the method by Burnett et al. (2011), instead oé¢h tions and we recover the input parameters of our simulation i
by [Zwitter et al. [(2010). Finally, we also explore how a bias imost cases inside therkonfidence region. We emphasise that a
distance would fiect our results. We redo the analysis considauch accurate constraint is obtained when the proper canbin
ering the extreme cases of having distances overestimttes ( tion of Q, andgy, (which are largely degenerate) and some prior
we reduce the original values) and underestimated (thuswe information ongy, are used.
crease the original values) by 30%. These are Models 7 and 8,Our model has provided new constraints for the parame-
respectively. The new measured values/gf, - for these four ters of the Milky Way bar. The likelihood function of the pat-
cases are shown in Filg.]15 withfidirent symbols and colours.tern speed and the bar’s angle is highly degenerate. We find
Using the same symbols, in Fig.]16 we show the maximum that the combined likelihood is maximum for a bar’s pattern
the ¢, — Qp plane, and the respectivericonfidence limits are speed ofQ, = (1.89 = 0.08) x Qp, where the latter is the

Q, (Q)

1.8

5.3. Analysis of errors and biases
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local circular frequency. Assuming a Solar radius dd3kpc tions should allow us to constrain the bar’s orientation eveh

and a local circular velocity of 238 km% this corresponds better the pattern speed. The astrometric data from thesESA
to a pattern speed of 56 kmipc! with a standard deviation Gaia mission will provide us with such numerous, extendetl an
of ~ 2kmskpct. Also, because of the high correlation beprecise observations. A clear benefit would also be obtained
tweeng, andQy,, we find that a better description of our bestvhen observations spanning several bands in azimuth cauld b
fit results is given by the linear relatidb(Qy,/Qolép = ¢p;) = used at the same time for tighter constraints.

1.905+0.0044(¢p, (deg)— 47.7) with standard deviation of.02.
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