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ABSTRACT

Context. The rotation curve, the total mass and the gravitationami@l of the Galaxy are sensitive measurements of the dattem

halo profile.

Aims. In this publication cuspy and cored DM halo profiles are asedywith respect to recent astronomical constraints inrdade
constrain the shape of the Galactic DM halo and the local Di&itig

Methods. All Galactic density components (luminous matter and DM parametrized. Then the total density distribution is con-
strained by astronomical observations: 1) the total maskeofSalaxy, 2) the total matter density at the position ofShe, 3) the
surface density of the visible matter, 4) the surface dgwgithe total matter in the vicinity of the Sun, 5) the rotatigpeed of the Sun
and 6) the shape of the velocity distribution within and abthe Galactic disc. The mass model of the Galaxy is mainlgtcaimed
by the local matter density (Oort limit), the rotation speédhe Sun and the total mass of the Galaxy from tracer stetsihalo.
Resuits. It is shown from a statisticaf? fit to all data that the local DM density is strongly positiyéhegatively) correlated with the
scale length of the DM halo (baryonic disc). Since theseesesigths are poorly constrained the local DM density cawy fram 0.2
t0 0.4 GeV cm® (0.005 - 0.01 M pc3) for a spherical DM halo profile and allowing total Galaxy ses up to 2 10'2 M. For oblate
DM halos and dark matter discs, as predicted in recent N-Bodylations, the local DM density can be increased sigmifiga

Key words. —Milky Way: halo, structure, dark matter, rotation curveyalf galaxies, dark matter mass, baryonic mass —
Cosmology: dark matter, dwarf galaxies, structure foromati

1. Introduction 6. the shape of the rotation curve within Galactic disc
. . . (Sofue et al. 2008, and references therein);

The best evidence for Dark Matter (DM) in galaxies is usually; e velocity distribution above the Galactic digcx(4 kpc)

provided by rotation curves, which do not falffdast enough (Xue et al[ 2008).

at large distances from the centre. This can be understiber e

by assuming Newton’s law of gravitation is not valid at ladi® Towards the Galactic centre (GC) N-body simulations ofcstru

tances, the so-called MOND (Modified Newtonian Dynamicgre formation predict a DM density, which diverges at the-ce

theory (Bekenstein and Milgrom 1984; Bienayme et al. 2009)e, thus developing a so-called cusp, with the slope varyin

or the visible mass distribution is augmented by invisibkess) more like ¥r than ¥r? (Navarro et al. 1997; Moore etlal. 1999;

i.e. DM. For a flat rotation curve the DM density has to fdll o Ricott|[2003). On the contrary, rotation curves of nearbyadw

like 1/r? at large distances. galaxies do not show such a cusp, but rather a constant den-
Given the overwhelming evidence for DM on all scales frorgity near the center, a so-called core (Oh et al. 2008). N+bod

the flatness of the universe combined with gravitationadilemm simulations including the complicated baryonic disc fotima

and structure formation we assume DM exists and try to coindicated that the cusps may have been destroyed by the fluc-

strain the DM density from dynamical constraints, for whictuation in the gravitational potential of the baryons, vhis

better data became available in recent years: much stronger than the potential caused by the DM in the eentr

(Mashchenko et al. 2006). In addition, the DM may form a disc

1. the total mass of the Galaxy has to be abotit $6lar masses like structure by the infall of DM dwarf galaxies, as shown by

(Wilkinson and Evans 1999; Battaglia etlal. 2005; Xue et alecent high resolution N-body simulations (Purcell et 80%).

2008); Evidence for substructure of DM inside the disc is suppobted
2. the total mass inside the solar orbit is constrained by thee structure in the gas flaring (Kalberla et al. Z007), byptaeu-
well-known rotation speed of the solar system; liar change of slope for the rotation curve inside the diduicv

3. the total matter density at the position of the Sun froms not observed for stars outside the disc (Ject. 3.2) antidy t
the gravitational potential determined from the movemensgructure in the diuse gamma radiation (de Boer et al. 2005).
of local stars as measured with the Hipparcos satellite Such substructure will not be investigated in this papet, bu
(Holmberg and Flynn 2004); smooth DM halos with dferent (cored and cuspy) profiles will

4. the surface density of the visible matter at the positich® be compared with all available data. These will result indow
Sun (Naab and Ostriker 2006, and references therein);  limits on the local DM density, since dark matter discs oreoth

5. the surface density of the total matter at the positiorhef tlocal substructure will only enhance the local density.

Sun (Kuijken and Gilmore 1991; Holmberg and Flynn 2004; A reliable determination of the local DM density is of great
Bienayme et al. 2005); interest for direct DM search experiments, where elastili-co
sions between WIMPs and the target material of the detentor a

Send offprint requests to: Markus.Weber@ekp.uni-karlsruhe.de searched for. This signal is proportional to the local dgnsi
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review on direct searches can be found in the paper by Spooogkthe thin disc was determined for stars with/M 3.5 to be
(2007). 260 + 50 pc. Furthermore the interstellar gas and dust contri-
The structure of the paper is as follows: in secfign 2 thmution is also located in the thin disc. The thick disc cassis
parametrization of the luminous matter and fiv&atient DM of old, metal-poor stars and could be the result of eitheraan e
halo profiles are given. In Se€l. 3 the experimental data tsedier thin disc or the merging of a satellite galaxy with the MW
determine the mass model are discussed. Then the numeagicallobin et al. 1996). Its scale height lies between 700 and 150
termination of the mass model parameters using &t of all pc and its local density is about 5% of the local stellar digrei
dynamical constraints is discussed in SELt. 4. At the endima suthe thin disc. For that reason in this analysis the luminoaten
mary of the results is given. is given only by the thin disc while small density contrilmurti
of the thick disc is neglected. For gas, which makes up 10% of
o . o the mass of the disc, the scale height varies with Galactacen
2. Parametrization of the Density Distributions radius because of the decreasing gravitational potertiaiger

In order to constrain the mass model of the Galaxy by data it/@dii- Fortunately, the mass model of the Galaxy is not very-s

convenient to have a parametrization for both, the visibldark Sitive to the exact value of the scale height, so it is fixed2dt 3
matter density. These parametrizations are introducesl her PG, Which is close to the value adopted by Freudenreich (1998
The mass of the bulge was taken into account, but the detailed

structure of the mass distribution (hole in the centre ofdise

2.1. Parametrization of the Luminous Matter Density FreudenreicH (1998), the bar structure and the black hode)at
taken into account in the parametrization, since the patenne
of interest, i.e. the DM halo parameters, are insensitivihéo
detailed mass distribution in the centre of the Galaxy, ssithe
gravitational potential in the centre is completely donéabby
the baryonic matter.

m\~ ¥\ Po 72 The parametrization of the visible mass discussed above
Pb - (—) ( ) exp( 2), (1) leads to a mass of the Galactic bulge of about-110"° Mg,

fop i The mass of the Galactic disc varies foftdient fits because of

P2 _ /Xz + V2 + (2/0p)2. the variation of the parametepg and g. It is in the range of 5

109 to 7- 100 solar masses. In addition to the luminous matter

For a good description of the RC near the GC the paramet?§ density profile of the DM halo has to be parametrized. This
of the bulge profile are found to bg = g, = 1.6, ¢ = 0.61, 'S discussed in the following section.

r. = 0.6 kpc, bp = 0.7 kpc ando, = 360 GeV cm?, which

corresponds to approximately$9M, pc . This high density » 2 parameterization of the Dark Matter density

might be influenced by the presence of black holes. At least on

black hole with a mass of aboui® 10° M., has been observedThe first analytical analysis of structure formation in the
in the GC by Reid (2009). Universe by Gunn (1977) predicted that DM in Galactic haloes
The stellar contribution of the Galactic disc is splitintmtdiscs  are distributed according to a simple power law distributio
- athin and athick disc - which are usually parametrized by arp(r) o« r~”. However, later studies based on numerical N-body

The density distribution of the luminous matter of a spiabxy
is split into two parts, the Galactic disc and the Galactilgbu
The parametrization of the density distribution of the laulg
adapted from the publication by Cardone and Sereno (2005)

,Ob(r, Z)

exponentially decreasing density distribution. simulations|(Navarro et 8l. 1997; Moore etlal. 1999) fourat th
The parametrization of the Galactic disc is taken from tH&e slope of the density distribution in the DM halo igfelient
publication by Sparke (2007) for different distances from the GC. Today it is commonly be-
lieved that the profile of a DM halo can be well fitted by the
pd(r.2) = pa - €xp(=r/rq) - exp(-2/zq). (2) universal function
The parametepy describes the density of the Galactic disc at o N s
the GC while g and z describe the scale parameter in radial and (r) = |r ’ _ 1+ (5) @)
vertical direction. Px\l) = pPopm r s (r_@)” )
There is some freedom in the choice of the parameters for a
the Galactic disc. Its density in the GC is, as in case of thgdyu . 2 2
unknown, so it has to be a free parameter. For the scale radius! = X2 + p + =2
we adopt the value from Hammer et al. (2007) oo
rg = 2.3+ 0.6 kpc (3) Here, ais the scale radius of the density profile, which deter

mines at what distance from the centre the slope of the pro-
The scale heightgvaries for the dierent components: youngfile changesg,y ande, are the eccentricities of the DM halo
stars are born near z 0, so they have a much smaller scalevithin and perpendicular to the Galactic plane agdig the
height, while the older stars have been kicked around arthre&alactocentric distance of the solar system. In the reshief t
scale heights up to 700 pc. The disc has two distinct poulati paper we will assume axisymmetrical haloes, é¢.= 1, bute,
with two different scale heights. The thin disc consists of younig,allowed to have values below or above 1, thus allowingtebla
bright and metal-rich stars which provide about 98% of the tand prolate haloes. The parametgbm is the DM density of
tal stellar population (Gilmore and Reid 1983). Its scalghte the halo at the position of the Sun. The parameter8 andy
was determined from star counts of stars with an absolute mabaracterize the radial dependence of the density disiitbu
nitude of My > 6 to be g ~ 270 pc (Kroupa et al. 1993). FromFor r = a the slope of the halo profile is about'yfor r >> a
measurements of the spatial distribution of K dwarf stags#ir- ~ r? and for r<< a~ r™. Different sets for these parameters
tical scale height turns out to be smaller than 250 pc (Robahl e were suggested by fiierent analyses. Generally the results from
1996). In the publication by Ojha etlal. (1996) the scale lhieignumerical simulations show that the DM density in the GC is di
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Table 1: Parameter settings for the fidirent DM halo pro- E 3 Different halo profiles
files considered in this analysis. The parameters 3 i\ NFW profile (NFW)
the NFW profile are adapted from the publicatonb ¢ ¢ . == Binney profile (BE)
Navarro et al.[(1997) but in this analysis a larger sca u Moore profe (Moore)

: . S y g ----- PISO profile (PISO)
radius a is used. o T~~~ . e 240 profile (240)

Profle | o | B v [ alkpc] Reference 10
NFW | 1.0] 3.0] 1.0| 20.0 Navarro et al. (1997) =
BE 1.0| 3.0 0.3 10.2 Binney and Evans (2001) r
Moore | 1.5| 3.0| 1.5| 30.0 Moore et al. (1999)
PISO | 20| 20| 0.0 5.0 de Boer et al. (2005) 1=
240 | 2.0| 4.0 0.0 4.0 F

10"

R [kpc]
vergent. Such profiles are called "cuspy” profiles due to thepc
in the centre. In this analysis three cuspy profiles are densd. Fig. 1: Radial DM density distribution for the parameters given

Ir_1 the p_ublication by Navarro et a]. (1997) it was fqund_tltm't in Table[1. The normalizatiopy of the halo profiles is
simulation results can be approximated by a profile with peslo fixed for each profile by the requirement of the rotation
of y = 1inthe GC, a stronger decreasing slopg ef 3 for large speed of the solar system.

radii anda = 3 for the intermediate distances. This profile will

be referred to as NFW. From later simulations, by Moore et al.

(1999) a profile with a somewhat steeper slope ef1.5 in the

GC (hereafter Moore) was favoured. A third cuspy halo profild 1. Total mass
was introduced in (Binney and Evéns 2001). They found thet t : . -
microlensing data towards the centre of the MW produced by tﬁhe total mass of the MW is an important quantity in order to

constrain the DM density distribution. In general, it is roee@d

MACHO collaboration is compatible with a density profile W'tsigrdirectly either via the kinematics of distant halo trasears

gI?é géisgerea:g?irlfg)r' tﬁlesglLﬁentgﬁoggei{noﬁlﬁgogiﬂswm satellite galaxies or the vertical scale height of the djas
; Py D ; Py P | X ibution of the Galactic disc, which can be measured atelarg
is usually called the Einasto profile (Ludlow et al. 2009)eTh .
: ! . .distances from the GC.
amount of matter in C'Pmps IS uncertain, but usu_ally CONSIO-" The definition of the total mass of the Galaxy idhdiult
g(r)%%ing?lch Or;nor;]a}sri(ej:r\mthggfﬂsj?,Veitﬁosrrop%legéfﬁggg%elg%ﬂ' ince a slowly decreasing density has an infinite exten3iba.
£.0). By 9 P P : tal mass of a galaxy is conventionally defined as the mass

one probably covers the range of possible slopes for cuspy Plvithin the so-callediirial radius. At this radius the total mass

files. , e of the accumulated density of the MW is equal to the mass of a
In contrast to cuspy profiles the density distributions prej,mageneous sphere with the constant density of 200 tinees th

ferred by observations of rotation curves of low surfacgti . itical density of the Universe.

ness galaxies and dwarf spiral galaxies have a nearly aunsta |, ihe PRV YT . 1

U N : , paper by Wilkinson and Evans (1999) the mass of the
DM de”n%:t},/ n tz? Gc]flf ~d0) (Ohhet al. 2008)('1 Such profilesy,y \as estimated from measurements of the radial velocities
are called "cored” profiles due to the constant density Irki® ¢ 57 g|5pylar clusters and satellite galaxies for Galagtiac
scalg in the .Ce”tfa' region. Twoftbr_ent core_d halo profiles aréisiances R- 20 kpc, using a Bayesian likelihood method and a
considered in this analysis. The first profile is called pseudgperical halo mass model with a truncated radius. Theydfaun
isothermal profile (hereafter PISO) since it is anisothépna: o« of the Galaxy within 50 kpc of M(50 kpe)5.4+92 . 101
file (oc r=2) which is flattened in the centre. The second cored h and a total mass of M = 1.9°3¢ - 1012 M. A éir;lsiigr ana-
]E) roﬁlef(helreafter 2(14'0) Iﬁ similar to the PISO pro?libutd(!MEre | S Iygis was done with more t;elcérétérs by Saiamoto etal. j2003
aster for large radil. The parameter settings of the s they find Mot = 2.5*03 - 10" M. These measurements used a

sity profiles are shown in Tablé 1. The local DM dengitybm . -1 X .
is a priori an unknown parameter and therefore a degree ef fré'mpIe parametrization of the potential. Analyses usinQJBW

dom in the density model. In the publications by Amsler ét gprofile for the DM distribution usually find a lower total mass

. ] : : : jiven it steeper fall-fi of the density profile at large distances.
8220_83)' 7G étg\s/ Eé[rgsl' (% %%g)lt(s) Yﬁlge,\‘fpqclf%teldnt(t)h?se;?];?ygs?s n Using a large sample of 2400 BHB stars from the SDSS in

: ; : the halo (z» 4 kpc, R< 60 kpc) and comparing the results with
’e)%ﬁ“é ﬁ;iz;;ev?’itmni;?e%oﬁg? (():Irfsiient profiles are shown for N-body simulations using an NFW profile Xue et al. (2008) find

MR<go kpc = 4.0+ 0.7 - 10" M, (5)
3. Dynamical Constraints on the Mass Model of the which corresponds to M = 1.0°03 - 10'* M. To get this total
Milky Way mass adiabatic contractian (Blumenthal et al. 1986) wasvak

in which case the concentration parameter was taken asperee
As mentioned in the introduction the mass model of the Galaxgmeter in the fit. This parameter came out to be low Q:Gj%:g;
is largely constrained by the total mass of the Galaxy, th&-roif adiabatic contraction is ignored, the concentratiorapaeter
tion velocity of the Sun at its orbital radius and the local matter becomes around 12 and the mass decreasegte-M.9- 10
densitypo ot = prot(fe), known as the Oort limit. An additional M, which is well within the errors. Similar mass values were
constraint comes from the local surface density. The erpati  found from the velocity dispersion by Battaglia et al. (20G8-
tal input for these constraints is discussed first. though with larger errors. These measurements are comsiste
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rotation velocity is given by the equality of the centridetad
the gravitational force

» Comparison of different haloes
NFW profile 2
I~ BE profile 5 I'TN d(D

Moore profile —_—=m- — s (6)
........ PISO profile r dr

----- 240 profile

Mass [MJ

1012

Luminous matter

Citcaldensty f g where v is the rotation velocity at the Galactocentric distar.
o The gravitational potentiab is given by the Poisson equation

f,/‘f ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ AD = —4rGp(r), @)
10" i where G is the gravitational constant gi{d) is the matter den-
7 sity distribution model. For a given DM density profile thegir
) tational potential and therefore the rotation curve candleue
pa lated and a comparison with experimental data is an impbrtan
check for the DM density profile.
R ESEE The rotation curve can be most easily measured from the
10* 1 10 10° kpc] Doppler shifts, like the 21 cm from neutral hydrogen or thtafo
tional transition lines of carbon monoxide (CO) in the milé-
ter wave range. A review of the various methods was given by
Fig.2: The mass inside a radius as function of that radius|Sofue and Rubin (2001). A recent summary of all data on the
shown for the dierent halo profiles defined in Talilé 1rotation curve of the Milky Way can be found in the publica-
The thin solid line represents the visible mass which tfon by[Sofue et 2l (2008), where the numerical values can be
different for diferent halo profiles because of the variafound on the author’s webpage. For radii inside the solaugad
tion of the parameteys; and . Here the luminous matter the distances do not need to be determined, since the maximum
for the NFW profile is shown. The steep line starting at 4Boppler shift observed in a given direction is in the tangent
kpc represents the mass of a sphere with a density of 2§€ection of the circle, so the longitude of that directiogtet-
times the critical density of the Universe. The crossingsines the distance from the center. For radii larger thas e
of the mass distributions with this line represent the Virigadius the distances to the tracers have to be determined ind
radius and the total Galactic mass of the correspondipgndently, usually by the angular thickness of the HI lagsr,
density distribution. first proposed by Merrifield (1992). These independent dista
determinations lead to larger errors in the outer rotatiowe.

The most precise determination and with it the normalizatio
of the rotation curve is obtained from the Oort constantscivh
can be determined from the precise distances and velooities

with the favouredACDM model in Klypin et al. [(2002) where nearby stars, as discussed in most textbooks, e.q. (Birfy, 1
the virial mass is 110'? M. The value from Ed.]5 will be used Sparkz 2007; Zeillk 1998). These constants are defined as:
in the analysis.

10%° A

Fig.[2 shows the radial dependence of the total Galactic mgss= 1 [d_v|r® - V_G] ~ 144+ 12 kmstkpc? (8)
for the diferent spherical halo profiles. At small radikr5 kpc 2|dr o
the density distribution is dominated by the luminous matte 1[dv Vo 4
shown by the thin solid line, which is independent of the hal® = —3 [alf@ + E] ~-120+£28kms~ kpc™, 9)

profile. The mass of a homogeneous sphere with 200 times the
critical density of the Universe is also shown. The crossiig where the experimental values have been taken from
a mass distribution with this line defines the total Galactass [Kerr and Lynden-Bell[(1986). One observes that A=Bvy/ro

and the virial radius for this density distribution which240 defines the local normalization of the rotation curve, whileB

kpc for a Galactic mass of }0M. defines the slope at the solar position.

The mass distributions of the NFW and the BE profile are quite The combination A-B can be more precisely determined than

similar since these profilesfér only in the region around the the individual constants. Kerr and Lynden-Bell (1986) fdun
GC where the influence of DM is small. The 240 profile yielda - B = v,/r, = 27+ 2.5 km st kpc'l. Using the proper

the smallest mass while the mass distribution of the PIS@I@ro motion of the black hole in the Galactic centre (Sgr A¥)
shows a linear increase with radius. The reason is the q@drReid and Brunthalef (2004) found
decreasec r~?) of the PISO profile. Consequently, the integral

of such a profile leads to a linear increase of the Galactiemas — B = v, /r, = 2945+ 0.15 km s kpc?, (20)
By going from spherical to elliptical profiles the mass can be )
changed significantly, as will be discussed later. in excellent agreement with recent measurements of paral-

laxes using the Very Large Baseline Interferometry (VLBI)
(Reid et al. 2009), which yield A-B=vy/ro = 30.3+ 0.9 km
3.2. Rotation curve st kpct. A further interesting property of the RC is its slope

at the position of the Sun. This value is strongly connected t

Each object, which is bound to the MW, is orbiting around thg\e yajyes of A and B and was determined in the publication by
GC. Most of the stars and the interstellar medium (gas, dyg{,chs et 4l (2009) to be

etc.) are rotating with a velocity distribution v(r). Thiglecity
distribution is called theotation curve (RC) of the MW. aln(ve) A+B
For a circular rotation of the objects within the Galactisalihe RCslope = an(r) “TA_B —0.006+0.016 (11)
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Composition of the rotation curve _ _
NFW profile Composition of the rotation curve
y NFW profile
s BE profile 400 .

ol oo Moore profile T BE profile

(%)) r PISO profile %) : Moore profile

E [F —-————— 240 profile E L PISO profile
==, 300.% - luminuous bulge i~ 350 | e 240 profile

- T » || = === luminous disc > C =i luminuous bulge
S g . 5 - luminous disc
(&) N — ‘ &) uminous

i) I s} r

(3] ()

> 250 >

200

150

100

50/

(a) Rotation curve ( = 0 kpc ), non-averaged (b) Rotation curve (= 0 kpc ), averaged

Fig.3: The rotation curves - calculated forfiirent halo profiles - in comparison with experimental datsictvhave been adapted
from the publication by Sofue etlal. (2008). On the left sitledata points are shown, while on the right side a weighted
average of the experimental data is shown in 17 radial bins.

From the velocities of stars orbiting Sgr A*, which is conshape of the measured velocity distribution shows a strong i
sidered to be the centre of the Galaxy because of its small oenease of the rotation velocity in the inner part of the Gglax
velocity, the distance between the Sun and the GC has beenwlkich presumably results from the dense core of the Galaty. F

termined tol(Gillessen et al. 2009): the inner Galaxy the rotation curve is dominated by the lésib
matter and the parametrization of sectionl 2.1 yields a reaso
ro = 8.33+0.35 kpg (12) able description. However, at the outer Galaxy the experiaie

_ _ _ ~data cannot be explained: all profiles predict a slow deereés
in agreement with previous authors (Ghez et al. 2008). With t the rotation velocity in contrast to the data, which showt firs
Galactocentric distance one finds from Eqg. 10 a rotationoiglo decrease between 6 and 10 kpc and then increases again. Such

of the Sun a peculiar change of slope cannot be explained by a smoothly
X decreasing DM density profile, but needs substructure tieeg.
244+ 10kms™. (13) infall of a dwarf Galaxy, as mentioned in the introductiordan

) i o de Boer et al.[(2005). Such a ringlike substructure is supgor
This speed determines the mass of the Galaxy inside the s¢jgithe gas flaringl (Kalberla et/dl. 2007). The thickness of the
radius. _ _ - _ substructure is of the order of 1 kpc, so it should not show up

In this analysis two dferent rotation velocities are consid-for halo stars well above this height; this is indeed the case
ered: the RC within the Galactic disc (Fid. 3) and the velocitshown in Fig[%, which will be discussed in the next section.
distribution for stars outside the disc with>z4 kpc (Fig.[4).

They are discussed separately. One may argue about the large uncertainties in the outer rota
tion curve, where the distanead the velocity have to be deter-
mined in contrast to the inner rotation curve, where the ¢ahg
method yields the distance from the maximum velocity (Binne
For the RC within the disc a combination ofi#irent measure- [1998). The rotation curve can be flattened, e.g. by decrgasin
ments with dfferent tracers has been summarized by Sofue etthle distance between the Sun and the GC, but then 7 kpc
(2008). The experimental data, which can be found on tieneeded (Honma and Sofue 1997), which is clearly outsiele th
author's web page, were scaled tg = 244 km s! at a present errors given in EQ.112. Also the peculiar changeopies|
Galactocentric distance of 8.3 kpc. Furthermore, theimmate- near 10 kpc does not disappear. It should be noted that such
locity was averaged in 17 radial bins from the GC to a radiwschange of slope happens in other spiral galaxies as well, as
of 22 kpc, as shown in Fid.] 3b and tabulated in Tdlle 2. Tloan be seen from the compilation of rotation curves in Fig. 4

3.2.1. Rotation curve in the disc
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Circular velocity curve Circular velocity curve
NFW profile
. 300? = NFW profile (10 degrees) o 300? ______ BE profile
(7)) L " = N
c L e NFW profile (45 degrees) c L e Moore profile
=, L =, - PISO profile
42‘ 250+ NFW profile (80 degrees) b 250~ ¢ L 240 profile
5 L 5 L
o - o L
© L © L
> = - > | =
200 200~
150; 150;
100; 100~
50/ 5ol
01111}1HHHHMHxMHHxHH Ok o b b b b b a |l
0 10 20 30 40 50 60 0 10 20 30 40 50 60
R [kpc] R [kpc]
(a) Velocity curve (z> 4 kpc), NFW profile (b) Velocity curve (z> 4 kpc) for diferent DM profiles

Fig. 4: The circular velocity curve for halo stars above a height sf& kpc is shown. On the left side the circular velocity curve
for the NFW profile calculated for fferent angles with respect to the Galactic disc is shown. @nmigiint side the averaged
circular velocity curves for the fierent halo profiles are shown. The experimental data wegdradat from the publication
by Xue et al.|(2008).

o 3.2.2. Rotation curve in the halo
Table 2: Averaged values of the Galactocentric distance and the

rotation velocity shown in Fid.]3. The data in Fig.4 were obtained from a large sample of roughly
2400 blue horizontal-branch (BHB) tracer stars, as dedeicte
fvin_| fwax | rIkpc] | ov[kpe] | vkms™] [ ov[kmsT]  gjoan Digital Sky Survey (SDSS), with Galactocentric distes
0.0 | 1.0 | 0146 | 0.002 | 281.514 0.851  yp to about 60 kpc and vertical heights of-z4 kpc. In order

L0 15 1.1%0 | 0.011 261.127 0.783 to connect the observable values - line-of-sight veloaity dis-
15| 20 | 1.670 0.016 247.721 0.838 he circul loci he hal di
2253 | 0.016 236.071 0.640 tance - to the circular velocity v vr 0®/0or the halo star dis-

o5 | 30| 2770 | 0020 | 233645 0.474 tribution function from N-body simulations of the Galaxyttvi
3.0 | 40 | 3481 | 0017 | 242.435 0.307  an NFW profile was used.

40 | 5.0 | 4457 | 0.021 257.475 0.307 In order to compare our DM density profiles with these data,
50 | 6.0 | 5481 | 0.026 257.255 0.321 the velocity curve is calculated forftierent angles with respect
60 | 7.0 | 6464 | 0027 | 261968 0.318 to the Galactic disc. Then the results are averaged. Iri Rige 4
10} 7.0 | 80 | 7.852 | 0.001 | 251.095 0.198  averaged circular velocity curve and the velocity curvesaio

E g'g g'g g%gi 8'822 ggg'gzg cl)ggg inclination angle with the nor_mal to the disc of°1@_l5° and 80 _
131 90| 100! 90478 | o0.052 531.191 1434 are shown for 'ghe NFW proﬂlg. The averaged c!rcular velocity
14 |l 100! 110! 10578 0.199 538.947 4.963 curves for the five other spherical halo profiles discusséorbe

15 | 112.01 12.0 | 11.500| 0.227 | 253.366 5631 are shown in Fid.J4b. The circular velocity distribution énsis-

16 Il 120! 160! 12.912| 0115 253.384 2837 tent with the cuspy halo profiles and the PISO profile. The 240
17 || 16.0| 22.0| 17.141| 0.796 274.735 13.594 profile cannot describe the velocity distribution at largdirbe-
cause of the too steep decrease of the density at large sadii (

1ré).

=

CoO~NOUDWNERZ
N
o
N
(¢}

3.3. Surface density and Oort limit

Jan Oort proposed and performed another interesting mesasur
iniSofue and Rubin (2001). For the smooth DM density profileaent: from the star count as function of their height above
discussed in this paper this feature will be neglected. the disc one obtains the local gravitational potential, chhi



M. Weber, W. de Boer: Constraints on Galactic Dark Matter 7

Galaxy. The integration limit is conventionally defined & b1
Table 3: Contributions to the local surface density of baryonlg C.

matter. The total values in the last row includéo According to Eq.[V) this definition is equal to
errors.
Contribution [ £[Mg pc? | Reference 1 Z
Visible stars 355 Gilmore et al. (1989) oot (<12) = el fACD(T, ¢, Z)dz
27 Gould et al. (1996) 5
30 Zheng et al. (2001) ,
Stellar remnants 3+1 Mera et al. (1998) 1 16 ( 6D 1020 %D d7
Interstellar gas 8+5 Dame (1993) = o= f(—— (r— t5o5 1 —,2)
13-14 | Olling and Merrifield (2001) 2nGJAror\ or) 1t ogt 07
Total 35-58 2
1 6<D+f16rad)+162<1) 47
- G | oz ror\ or) r2ag?
0
Vertical potential at the Sun
f— — NFW profile 1 aCD
(\"m 2500? ..... BEprsze” = _27TG . (E 2(A2 - Bz)|2|)
o~ - fee | e Moore profile
IS - PISO profile
3 C 1 (o0
— 2000/— === 240 profile v — = 16
gt 26 (62)’ (16)
1500i where A and B are the Oort constants discussed before. Since
- they are of the same order of magnitude, the surface demsity i
L tegrated to z is proportional to the derivative of the pdteratt
10001 height z, as shown by the last approximation in[Eq|. 16.
C First the surface density of the luminous matter is consid-
- ered. Its experimental value is determined by the summation
500 the diferent contributions to the luminous matter - the stellar
r population, stellar remnants and the interstellar gas.rrsary
- ¢ of the diferent measurements was given/ by Naab and Ostriker
e *015* —— i —— 11151 TR é e (2006). The surface density of the baryonic matter lies be-

2 [kpc] tween 35 and 58 M pc? (Table[3), which agrees with 48

+ 9 My, pc? as estimated ih_Kuijken and Gilmore (1991) and

Holmberg and Flynn (2004).

Unfortunately, our local nelghbourhood is not represéreat

the disc, since we live in a local underdensity - the local

ble - with an extension of a few hundred pc, which could
have been caused by a series of rather recent SN explosions
(Maiz-Apellaniz 2001). Therefore, a fit for the parametefrso
mass model of the Galaxy might have a somewhat higher surface

is directly proportional to the mass in the plane of the MWdensity than the locally observed value.

Using the precise measurements from the Hipparcos satellit The total surface density at the position of the Sun was de-

Holmberg and Flynn| (2004) find for the local mass densityermined by Kuijken and Gilmore (1991) to be

which includes visible and dark matter,

Fig.5: The vertical gravitational potential at the position oi
the Sun®d(z). The experimental data is adapted fro
(Bienayme et dl. 2005) and the errors are assumed to E-b
30%.

¥(< 1.1 kpc)= 71+ 6 Mypc2 (17)

= = + =3

po(z=0) = 0102+ 0.010 M, pe™. (14) from a parametrization of a mass distribution. In the paper b

This value was determined by the precise star counts addImberg and Flynn (2004) the modeling of the vertical grav-
velocity measurements in a volume of 125 pc around the Siiational potential resulted irE(< 1.1 kpc) = 74 + 6 Mg
by the Hipparcos satellite. Korchagin et al. (2003) analytsee  pc 2. The most recent determination of the surface density by
vertical potential at slightly larger distances (a veltipdinder Bienayme et all (2005) is consistent with both measurenternts
of 200 pc radius and an extension of 400 pc out of the Galactitows somewhat larger errois(< 1.1 kpc) = 68+ 11 M, pc2.
plane). For the dynamical estimate of the local volume dgnsiComparing this total surface density with the baryonic a;mf
they obtain the same value with a smaller erggyioi(z = 0) = density shown in Tablel3, it is clear that the local gravitadil
0.100+ 0.005 M, pc. To be conservative, we will use the valugpotential is largely determined by the stars, so it will bagi
from Eq.[T4. It is called the Oort limit, since it gives the lest cally independent of the DM halo profile, as shown in Eig. 5 for
value for the local density. different halo profiles.

Integrating the density along the vertical direction writki z

from the Galactic plane yields the surface density: . L
4, Numerical Determination of the Mass Model of

the Galaxy

z

Seer (< 12) = f p(2) dz. (15)

-Z

As mentioned before, the three most important constraonts f
the mass model of the Galaxy are given by the rotation curve
It can be calculated either by integrating the matter dgnsind the value y, the total mass M and the local mass density

distribution directly or by using the gravitational potiahbf the g 1. This can be easily seen as followg; & v2 ot VZDM, where
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Table 4: Free and fixed parameters for the mass model of the Galaxyxgadimental constraints. One observes that there are 5
free parameters and 8 constraints. Mass densities are irc@eVor in M, pc3, where 1 My cm™2 = 37.97 GeV cmd.
Free Parameters

Component| Parameter Symbol Value Unit
Halo Local DM density o.M - GeV/cm3
Halo Scale Parameter a - kpc
Halo eccentricity & - kpc
Disc Density at GC 0d - GeVcnt?®
Disc scale length rq - kpc

Fixed Parameters
Disc scale height Zy 320 pc
Bulge Density at GC Ob 360 GeVcnt3
Bulge Eccentricity Ob 0.61
Bulge Scale Iy 0.6 kpc
Bulge Scale rob 0.7 kpc
Bulge Slope b 1.6
Bulge Slope Bo 1.6

Constraints

All Mass inside 60 kpc MR<60kpc 40+0.7 10" M,
Local Rotation speed Sun Vo 244+ 10 kms?
Local Distance Sun-GC Io 8.33+0.35 kpc
Local Total Surface Density <11 71+ 6 Mo pc?
Local Visible Surface Density s 48+ 9 Mo pc?
Local Mass Density Drot 0.102+ 0.01 Mo pc3
Local Oort Constants A-B 29.45+ 0.15 | kmsZkpc?
Local Slope of rotation curve|| dIn(v,)/d In(r) | -0.006+ 0.016

Table 5: Fit results. The units of the flerent values are given in Taljile 4. Tyrecontributions are given below the variable value in

brackets.
[ [ Fitted Parameters I Derived Quantities [
Nr Profile Po,DM a Pd fd Cuir Potot Vo Meo Mot A-B %‘(/,@)) Ziz<11 Zyis )(2
1 NFW 0.32+ 0.05 10 88.3+19.8 25+0.2 17.5 | 0.094 | 2445 3.9-10" 6.5- 10" 29.45 | -0.002 72.2 53.8
(0.13) (0.58) | (0.0) (0.0) (0.01) | (0.06) | (0.04) | (0.41) | (1.25)
2 NFW 0.27+ 0.06 15 113.1+ 171 24+0.1 12.0 | 0.096 2445 4.0- 101 7.4-10" 29.45 | -0.003 711 55.4
(0.01) (0.38) | (0.0) (0.0) (0.0) | 0.04) | (0.0) | (0.68) | (1.13)
3 NFW 0.23+ 0.05 20 128.7+ 69.8 42.3+0.1 9.5 0.097 | 244.4 4.1-107 8.3- 10 29.45 | -0.003 70.2 56.6
(0.0) ©0.27) | (0.0 (0.02) (0.0) | 0.03) | (0.02) | (0.92) | @.27)
4 NFW 0.32+0.04 | 10.8+3.4 91.0+8.0 2.5 16.2 | 0.095 244 .4 4.0- 101 6.7- 101 29.45 | -0.003 72.4 54.2
(0.50) | (0.0) (0.0) (0.0) | (0.04) | (0.06) | (0.48) | (1.07)
5 NFW 0.35+0.06 | 14.9+4.8 89.5+8.2 2.5 13.4 | 0.094 | 244.4 | 4.25-10"7 9.8- 101 29.45 | -0.003 73.7 53.2
(057) | (0.0) (0.0) (0.0) | 0.05) | (0.21) | (0.34) | @.17)
6 NFW 0.39+0.05 | 20.4+4.5 88.1+8.7 2.5 115 | 0.094 | 244.4 5.5. 10T 1.49. 1072 29.44 | -0.001 75.0 52.4
0.62) | (0.0) (0.0) (0.08) | (0.0) | (0.45) | (0.24) | (1.40)
7 NFW 0.41+0.05 | 25.2+4.6 87.3+8.9 2.5 10.1 | 0.094 | 244.4 6.5- 10T 1.98- 1072 29.44 | -0.001 75.9 51.9
(0.64) | (0.0) (0.0) (0.0) | (0.09) | (0.68) | (0.19) | (1.61)
8 BE 0.25+ 0.05 10.2 133.6+ 15.2 | 2.29+0.09 17.6 | 0.096 244 .4 4.1-107 7.5.-10" 29.45 | -0.003 70.6 56.2
(0.0) (0.31) | (0.0) (0.01) (0.0) | (0.03) | (0.01) | (0.84) | (1.20)
9 Moore | 0.25+0.05 30.0 114.7+17.3 | 2.36+0.11 6.2 0.095 | 244.4 4.1-107 7.6- 107 29.45 | -0.003 70.4 56.2
(0.01) (0.32) | (0.0) (0.01) (0.0) | (0.04) | (0.01) | (0.82) | (1.21)
10 PISO 0.20+ 0.04 5.0 150.4+ 12.9 | 2.21+0.08 46 0.098 244 .4 4.1-10% 1.45. 107 29.45 | -0.004 69.3 57.8
(0.02) (0.19) | (0.0) (0.03) (0.0) | (0.02) | (0.08) | (1.18) | (1.54)
11 240 0.26+ 0.03 4.0 53.1+ 9.6 3.0+0.2 26.3 | 0.095 244.6 1.7-107 1.8-107 29.47 | -0.002 70.0 55.0
(1.36) (051) | (0.0) (10.45) (0.02) | (0.06) | (0.03) | (0.61) | (13.04)

12 | NFW | 052+ 0.07 | 26.6+4.9 | 84.2+95 25 9.6 | 0.094 | 2443 | 6.6-10F | 1.95.102
(0.66) | (0.01) (0.03)

29.43 | -0.001 | 80.3 | 50.1
(0.02)‘ (0.10) | (2.38) | (0.66) | (3.24)

v\2,iS and \%M are proportional tgis andppwm, respectively; for In addition the mass model is sensitive to the geometrytliee.
a given halo profile My is determined bypym, while the Oort  Galactocentric distance from the Sug dnd the halo profile.
limit pe 1o determine$g ot = pvis + Pom- SO in principle one has Additional constraints come from the surface density, kereh
3 constraints with only 2 variablgsis andppw, if the shapes of the visible surface density has a large uncertainty as siészi
the DM halo and the visible matter would be known. before. The parameters and constraints have been sumtharize
. . . in Table[4. The parametrization of the mass of the bulge was
Unfortunately, additional important parameters are ijébe chosen to describe the rotation curve at small radii, whiohs

centricity of the DM halo ii) the concentration of the DM halo :
iily the scale length of the disc iv) the mass in the /batge. reasonably well, as can be seen from Elg. 3. Given that the mas
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model is not very sensitive to this inner region, the paranset and negative correlations between the parameters werd faun

of the bulge will not be varied anymore. the fit and they are causing the obvious correlations between
To optimize the remaining parameters in order to best despw and Mt in Fig.[d. For non-spherical haloes these values

scribe the data, the following? function was minimized using can be enhanced by 20%. If dark discs are considered, densi-

the Minuit package (James and Roos 1975) ties up to 0.7 GeV cr? (0.018 M, pc®) can be easily imag-
A ined, so the previous quoted range of 0.2 - 0.7 GeV%{0.005
Y2 = (MZ° - D) + (vg' - D)? n & — D)? + - 0.018 M, pc®) seems still valid. This range is considerably
(rﬁ,lm o Tl larger than the values quoted by Catena and|Ullio (2009), who
cale M2 al 2 e M2 used a Markov Chain method to minimize the likelihood and
(Zs” — D) " (X&° - D) " (rg™ - D) find po.pm = 0.39+ 0.03 GeV cnt3. But given the goog? val-

agm ‘Tim a2, ues for our fits obtained for a large range of DM densities e se

no way that the errors can be as small as quoted by these author
(RCSoe = D)° (A= B)¥° - DY Y a y

2 2
O—Rcslope O—A* B

(18)
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