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The DM densities

All searches depend on the expected DM density:

In the Solar System

Direct laboratory searches at Earth:
. . . depend on the local density at earth ρ�

Indirect searches (annihilation in Sun, Earth)
. . . depend on accumulated DM which again is driven by ρ�

In the Galaxy

Looking for decay or annihilation
. . . depend on

∫
ρ or ρ2 along the l.o.s.

Both the Local and Galactic DM density are interesting.

Our Galaxy is a typical Spiral, where the picture is clear. . .
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Galaxies viewed from outside
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DM in generic spiral galaxies: Observations

Rotation curve (optical, HI, etc) Different typical sizes
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No “keplerian” fall of rotation
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DM in generic spiral galaxies: Observations II

Coadding thousands of galaxies led to a coherent empirical picture

[Persic+’96]

Well modeled with a “cored” DM profile. . . with intriguiging relations:
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All structural DM and LM
parameters are related
with luminosity.g

Smaller galaxies are 
denser and have a higher
proportion of dark matter.
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DM in generic spiral galaxies: Observations II

Coadding thousands of galaxies led to a coherent empirical picture

[Persic+’96]

Well modeled with a “cored” DM profile. . . with intriguiging relations:
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All structural DM and LM
parameters are related
with luminosity.g

Smaller galaxies are 
denser and have a higher
proportion of dark matter.

The Milky-Way conforms to
this picture, but because
we look from inside,
life is not equally “easy”. . .
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The MW DM Density profile
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Our galaxy

Bulge
(1010 M�)

Stellar disk
(5–7× 1010 M�)

Dark Matter halo
(1011–12 M�)

and subleading

Thick bulge/bar (up to ∼ 4kpc)
Thick disk (older stars up to z ∼ kpc)
Gas halo (few 1010 M�, to 100 kpc, new!)
Stellar halo (globular clusters, old BHB, red, brown dwarfs, etc)
(at least up to 80 kpc)
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Component profiles

DM profiles, Einasto, NFW, Burkert, cusped or cored
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ρEIN = ρH e−(2/α)(xα−1)

(α = 0.17)

ρNFW =
ρH

x(1 + x)2

ρBUR =
ρH

(1 + x)(1 + x2)

(with x = r/RH , scale radius RH)

Triaxiality? (probably small [O’Brien+ ’10]) Smooth? (who knows?)

Bulge: pointlike (as seen from r > 2 kpc)
[Picaud+’04, Bissantz+’02, Robin+’11, ...] MB = 1.2–2× 1010 M�

Disk: exponential, ΣD = (MD/2πR2
D)e−r/RD ∆z = 240pc

[PR’04,juric’08,robin’08,reyle’09,bovy’13] MD = 5–7× 1010 M�
RD = 2.5± 0.2 kpc
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Component profiles

DM profiles, Einasto, NFW, Burkert, cusped or cored
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All together (illustration)
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One would like to observe V (r) to constrain ρDM .

But since we can not measure V(r) from outside. . .
. . . we need more elaborate observations.
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The Inner rotational velocities

Rotating hydrogen gas (HI) in the inner region
Doppler gives relative speed along the l.o.s.
Maximum at the tangential point, terminal velocities VT :

V (r) = VT (r/R�) + V� r/R�

Between 2 and 8 kpc a lot of measures of HI along the arms,
with systematic variations. Need to define a binning:
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Inside ∼ 2 kpc the bulge/bar structure prevents analysis.
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The Outer dispersion velocities

Out to ∼ 80 kpc, survey of ‘old’ halo stars, moving randomly. . .

Only l.o.s. speed... need to rely on virial equilibrium

∼3000 Tracers
Eliminate the outliers (|v | > 500 km/s, escape speed)
Velocity dispersion ∼ 110 km/s

Binned: [Gnedin+ ’10, Xue+ ’08, Xue+ ’11] (SDSS DR6-DR8)
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The Outer dispersion velocities cont’d

Each population of tracers has a measured density ρi ∝ r−γi ,

Consider virial equilibrium and use Jeans’ Equation:

V 2 = σ2i

[
γi − 2βi −

∂ lnσ2i
∂ ln r

]
Unknown velocity anisotropy βi (maybe r dependent)

Density power law: γ1 ' 4, γ2 ' 3.5
More recently β2 ∼ −0.5 ± 0.5′ (for r > 25 kpc) [Kafle+ ’12]

i.e. more tangential motion

Also a hint on β1:
(γ1 − 2β1) ' (γ2 − 2β2) implies β1 ∼ 0

( ∂ lnσ2
i /∂ ln r is small)
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The Outer dispersion velocities cont’d

Each population of tracers has a measured density ρi ∝ r−γi ,

Consider virial equilibrium and use Jeans’ Equation:

V 2 = σ2i

[
γi − 2βi −

∂ lnσ2i
∂ ln r

]
Unknown velocity anisotropy βi (maybe r dependent)

Density power law: γ1 ' 4, γ2 ' 3.5
More recently β2 ∼ −0.5 ± 0.5′ (for r > 25 kpc) [Kafle+ ’12]

Method: We integrate Jeans’ equation, for each choice of model
parameters:

{V model(r), βi} → σmodel
i (r) ,

and compare σmodel
i with data for that population.

(Traditionally: derive pseudo-measures of V , w/ great uncertainties.)
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Until 2010: the degeneration
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Inner: Bulge-Disk compensation
Middle: Disk-DM Halo compensation
Outer: DM Halo ρH -RH flat direction
and, V� not fixed → shift up/down.
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Masers in Star forming regions

Parallax from ground based arrays: (angular precision 0.01mas)
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Fig. 4.— The star forming region G75.30+1.32 in the Galaxy, from the H i and CO complex association to a plane view of

the Milky Way. Upper Panel: Longitude-velocity diagram of 21 cm emission at b = 0◦ from the LAB H i survey (Kalberla et al.

2005). The color scale from light blue to white corresponds to the 21 cm intensity range 35–120 K. The emission from the

Outer and Perseus Arms is labeled together with the position of G75.30+1.32 (cross). Lower Left Panel: Composite image of

CO (colors) and H i emission (contours) at the Galactic coordinates of the source (cross). The CO emission from Dame et al.

(2001) was integrated over the LSR velocity range from −65 to −52 km s−1. CO intensity was converted to H2 column density

by using the relation N(H2)/WCO = 1.8× 1020 (Dame et al. 2001). The H i column density for the same velocity range starts

from 1020 cm−2 in steps of 2 × 1020 cm−2. Lower Right Panel: Schematic view of the spiral arms of the Milky Way across

the four Galactic quadrants after Taylor & Cordes (1993) with updates. The best-value of R0 = 8.3 kpc from Brunthaler et al.

(2011) is assumed. The location of the central bar from Benjamin et al. (2005) is also reported. The positions of the Outer

Arm sources previously measured with trigonometric parallaxes are labeled (Reid et al. 2009b) together with the distance and

Galactic longitude of the present measurement.

Able to constrain:
V�/R� ' 30.2± 0.3 km/s kpc

V� ' 239± 7 km/s
[Brunthaler+ ’11]

V (r ' 10kpc) ' 240± 5 km/s

V (r ' 13kpc) ' 244± 4 km/s
[Sanna+ ’11]

V (r ' 13kpc) ' 250± 2 km/s
[Bajkova+ ’12]

First results only.
In the near future more extensive surveys from BeSSeL and VERA.
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Masers in Star forming regions

Parallax from ground based arrays: (angular precision 0.01mas)Astron. Nachr. / AN (2010) 793

Fig. 2 Similar to Fig. 1, but showing all sources currently measured (green), including unpublished sources, and all
sources observed in the first year of BeSSeL (red), based on their kinematic distances.

The BeSSeL Survey will first target 12.2 GHz methanol
and 22 GHz water masers. Once the VLBA is equipped
with new receivers that also cover the 6.7 GHz methanol
maser line (presumably in 2012) these masers will be also
observed. In early 2010, preparatory surveys started with the
Very Large Array to obtain accurate positions of the target
water masers, and with the VLBA to search for extragalactic
background sources near the target maser sources (Immer
et al. 2011). The first parallax observations started in March
2010, and first results are expected in mid 2011 (see Fig. 2).
In parallel, the VERA array will observe additional H2O
and SiO masers throughout the Galaxy. Combined with

complementary efforts in the southern hemisphere with the
Australian Long Baseline Array, this will result into a de-
tailed and accurate map of the spiral structure of the Milky
Way. The superior sensitivity and the large field-of-view of
the Square Kilometer Array, which will also cover the 6.7
GHz methanol maser line, will reach even higher astromet-
ric accuracies for methanol masers, radio continuum stars,
and pulsars. This will result in a very detailed map of the
the spiral stucture in the southern hemisphere.

Acknowledgements. The Very Long Baseline Array (VLBA) is an
instrument built and operated by the National Radio Astronomy
Observatory, a facility of the National Science Foundation oper-

www.an-journal.org c� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fitting

Model parameters, giving Vcirc(r) and integrated dispersion σ(r):
Sun (R�, V�, related); Bulge (MB); Disk (MD , RD); DM Halo: (ρH ,
RH) Anisotropy for tracers (β1, β2)

Fitted against data: VT (xi ), σ(ri ) and Vmaser (ri ).

Not all parameters relevant, most important are ρH , RH , β2.
Preference for Largest disk radius (RD ∼ 3 kpc); Lightest bulge & disk
(MB ' 1010 M�, MD ' 5× 1010 M�); (and see recent [Bovy Rix ’13]!)
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Fitting

Model parameters, giving Vcirc(r) and integrated dispersion σ(r):
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Fitted against data: VT (xi ), σ(ri ) and Vmaser (ri ).

Not all parameters relevant, most important are ρH , RH , β2.
Preference for Largest disk radius (RD ∼ 3 kpc); Lightest bulge & disk
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Fits: three cases, with β2 = 0,−0.5,−1
Best: χ2/40dof = 0.59, 0.41, 0.35 (BUR) and 0.9, 0.46, 0.35 (NFW)
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Blue regions mark Mvir [1012 M�]. Green dots mark predictions of simulations.
[from Dehnen+’96, to Deason+’12]

Uncertainty in ρH , RH due to the anisotropy β2.
cvir is too large wrt to predictions of ΛCDM simulations.
So: the “cusp-problem” also in our Galaxy.
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Correlations
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NFW fit required widest/lightest Disk, Bulge → cored..
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Correlations
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Comparing, for cored profile

Comparing the best (Burkert) fits with the other galaxies

Intriguing property: same central surface density ρH rH [Donato+ ’09]

MW fits well, despite the large uncertainties.

What about the impact for DM searches. . .
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The DM escape velocity profile

At 2σ CL:

Escape speed
NFW
BUR

R
�

1 2 5 10 20 50 100 200
0

200

400

600

800

r @kpcD

V
es

c
@k

m
�sD

. . . mildly relevant for direct detection, especially at low DM mass.
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The DM annihilation angular profile

At 2σ CL:

Annihilation
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. . . hard to discriminate, need to mess with the Galactic Center.
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The DM Density at the Sun location
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The Local DM density

Early vertical motion studies gave ρ� ' 0.3GeV/cm3. [Kuijken+ ’89]

Other using early profile modeling (unreliable) or simulations.
No uncertainty given before 2009. . .

Global profile modeling: in 2009 first estimate
ρ� = 0.389± 0.02GeV/cm3 [Catena+ ’09]

too precise (see [Weber+ ’10, Pato+ ’11, McMillan ’11] still modeling).

Vertical force: Recent ESO survey claimed no DM!?
ρ� = 0± 0.05 ,GeV/cm3 [Mona-Bidin+ ’12]

Criticized first by [Bovy+ ’12], on the velocity assumptions.
Other criticisms may be advanced. Method still uncertain (see GAIA).

Our work to assess analytically the uncertainties found
ρ� = 0.43± 0.1± 0.1GeV/cm3 [Salucci, FN+ ’10]

still the most conservative, halo model independent.
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Analytical method for the Local DM density
Decompose radial acceleration as due to Bulge + Disk + DM Halo

V 2/r = aB + aD + aH .

Use Gauss law for the DM Halo, ∂r (r2aH) ∝ ρH r2

ρH(r) =
1

4πG
1
r2

d
dr

»
r2

„
V 2(r)

r
− aD(r)− aB(r)

«–
Xq ,

=
1

4πG
V 2

r2

»„
1 + 2

d lnV
d ln r

«
− V 2

D

V 2 f
„

r
RD

«
Xz0

–
Xq .

→ 0.65
GeV
cm3

„
ω�

km/s kpc

«2

Xq

»
(1 + 2α�)− β f (r�D) Xz0

–
,

with f a known analytic function, for thin disk. Notes
At R� the contribution of Bulge is negligible
ω� ≡ (V�/R�) ' 30, angular speed (very well known)
α� ≡ d lnV /d ln r |� = 0± 0.1, RC slope (uncertain)
β ≡ (VD/V�)2 = 0.65–0.77 “disk to total” ratio (constrained)
ρ�D ≡ R�/RD = 3.4± 0.5 (constrained).
Xq ' 1 corrects spherical Gauss law, for oblateness.
Xz0 ' 1 corrects for nonzero disk thickness.
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Result

An analytical formula:

ρ� = 0.43
GeV
cm3

[
1 + 2.9α� − 0.64

(
β − 0.72

)
+ 0.45

(
r�D − 3.4

)
− 0.1

(
z0
kpc
− 0.25

)
+ 0.10

(
q − 0.95

)
+ 0.07

(
ω

km/s kpc
− 30.3

)]
.

Good also for the future.

Today, using central values and present uncertainties:

ρ� =

(
0.43± 0.094(α�) ∓ 0.016(β) ± 0.096(r�D)

)
GeV
cm3 ,



The Dark
Matter

Distribution in
our Galaxy

F. Nesti

Problem

Global density
MW
Components
Model
Data: inner
Data: outer
Data: masers
Fits
Escape
Annihilation

Local density
Method
Result

Conclusions

Conclusions

Dark Matter in our Galaxy:

MW modeling starting to be reliable.
Main uncertainty due to stellar halo velocity anisotropy.

The model appears consistent with similar galaxies,
and starts to give hints on the nature of DM.

Preference for cored profile, down to 2 kpc.
Large cvir at odds with ΛCDM simulations.

Hard to discriminate profiles, need to look inside 1 kpc.

Dark matter near the sun:

ρ� = 0.4± 0.2 is still a good proper estimate.
Uncertainties can not be reduced, at present.
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Conclusions

Dark Matter in our Galaxy:

MW modeling starting to be reliable.
Main uncertainty due to stellar halo velocity anisotropy.

The model appears consistent with similar galaxies,
and starts to give hints on the nature of DM.

Preference for cored profile, down to 2 kpc.
Large cvir at odds with ΛCDM simulations.

Hard to discriminate profiles, need to look inside 1 kpc.

Dark matter near the sun:

ρ� = 0.4± 0.2 is still a good proper estimate.
Uncertainties can not be reduced, at present.

Thanks!
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The Bulge mass
M.Soto, K.Kuijken and R.M. Rich: Radial Velocities for 6 bulge fields

Fig. 1. Fields in the Galactic Bulge observed for this project, superimposed on an optical map (Mellinger 2008), from longitude
+20◦ to -20◦, and latitude -10◦ to +10◦. White and grey circles correspond to fields for which proper motion and radial velocity
measurements have been completed. Data sets for the four fields at negative longitudes (grey squares) have not been completed so
far.

sample > 15, 000 bulge proper motions were identified using a
kinematic selection.

In addition to models of the stellar distribution (e.g. Zhao
1996) gas observations and hydrodynamical models also have
been used to study the Galactic bulge (e.g. Englmaier & Gerhard
1999). Many of these models rely on three dimensional depro-
jections of the Galactic bulge derived from the COBE DIRBE
images (Dwek et al. 1995) whose results showed asymmetries
consistent with a stellar bar in the Galactic center. Even though
all analyses agree on the rough orientation of the bar, com-
plete agreement about the values of the parameters which would
define this bar, such as rotational bar pattern speed or posi-
tion angle has not been reached yet. For example, values for
the angle between the bar’s major axis and our line of sight
to the Galactic center have ranged from ∼10◦ (e.g. Picaud &
Robin 2004 and references therein) to 80◦ (Collinge et al. 2006).
Furthermore, the presence of 2 bar structures coexisting in the
Galactic bulge has been proposed by some authors (Cabrera-
Lavers et al. 2008 and references therein) ; the two more com-
mon bar angles (∼20◦ and ∼40◦) belonging to 2 distinct triax-
ial structures, a boxy bulge/bar and a more extended long bar
respectively. Nevertheless, this general picture with two bars
rotating at different angles is dynamically complex (Martinez-
Valpuesta & Gerhard 2011), and therefore is still under debate.

Similarly, the recent discovery of two coexistent red clumps
in the Galactic bulge on 2MASS and OGLE-III data (McWilliam
&Zoccali 2010; Nataf et al. 2010) and observed at high latitudes,
has been interpreted as the effect of an X-shaped structure in
the bulge (Saito et al. 2011). Hence, all this evidence suggest
a complex bulge structure with several components detected at
different lines of sight.

Understanding the bulge kinematics requires understanding
the gravitational potential that drives the orbits (Kuijken 2004,
henceforth K04). Once the kinematics are understood, they can
be correlated with stellar population information to build a pic-
ture of the galaxy evolution and bulge formation scenario.

In order to improve our knowledge of the stellar kinematics
in the bulge region we have embarked on a project to obtain
three-dimensional velocities for a large sample of bulge stars,
by combining HST proper motions measurements with VIMOS
spectroscopy.

In this paper we present integral-field (IFU) spectroscopic
measurements for six bulge fields that have HST proper mo-
tion measurements: three fields on the minor axis (Kuijken &
Rich 2002, henceforth KR02; KR04) as well as three fields at
positive longitudes. We have combined the IFU data cubes with
photometric information in a new procedure designed to work
in crowded fields; the technique combines the precise HST pho-
tometry and IFU spectroscopy to optimize the spectral extrac-
tion.

Stellar kinematics involves the measuring the phase-space
distribution function. This phase space generally has three de-
grees of freedom. By providing 4-6 coordinates per star (the two
proper motions, two sky coordinates, a distance determination
by means of a main sequence photometric parallax, and a radial
velocity for a subsample of bright stars) we can overconstrain
the phase-space distribution which will allow us a reliable deter-
mination of the orbit structure.

The outline of this paper is as follows. In section 2 we will
briefly explain the project of which the work presented in this
paper is a part, section 3 is an account of the observations and
the methods involved in each case. Section 4 contains the results
of our analysis. Finally section 5 is the summary and conclusions
for this work.

2. Project
The HST data archive contains a treasure in WFPC2 images
taken during the 1990s. This wealth of images can be used to
find suitable first epoch fields for proper motion work; we have
chosen ten for this project, with low foreground extinction, suf-
ficiently deep exposures, and spread in l and b. Hence, the HST
archive has provided us with first epoch observations in six fields
at l ∼ 0, and l > 0; in addition, we have established four fields
at l < 0 in order to target both ends/sides of the bar/bulge. The
goals for each field are the acquisition of color magnitude di-
agrams, accurate astrometry, and radial velocities for as many
stars as possible.

Figure 1 shows all the fields for this project. HST archive
images were primarily used to set first epoch proper motion
exposures in several low extinction bulge regions, close to the
Galactic minor axis and at positive longitudes. These initial
fields were complemented more recently with observations in

2

Measures are very uncertain:
2MASS survey (star count) yields [Robin+ ’11]

a boxy bulge ∼ 0.61× 1010 M� (1.5× 0.4× 0.4) kpc
a thick bulge ∼ 0.026× 1010 M� (4.4× 1.3× 0.8) kpc

Microlensing [Bissantz Gerard ’02]

MB = 0.9 × 1010 M� (probably underestimated)

Infrared survey (star count) [Picaud Robin ’04]

a boxy bulge ∼ 2.4± 0.6× 1010 M�, including Disk.
subtracting disk → 1.7–1.9± 0.6 × 1010 M�
or lower limit MB > 1.1–1.3× 1010 M�

Some improvement w/ APOGEE, or even VERA (?)
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The Sun Galactic Radius and Angular Velocity

R�
Gillessen 2009:

8.33± 0.3 kpc

Ghez et al 2009 (using orbits):
8.0± 0.6 kpc
8.4± 0.4 kpc(assuming stationary BH)

Bovy et al 2009 (a global average) [0907.5423v2]

R� = (8.2± 0.5) kpc

V�/R� measured with a high accuracy, much better than V�
and R� separately:

V�/R� = (30.3± 0.3) km/s/kpc

[MB+09,reid+09,Brunthaler+11]
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The Sun Galactic Radius and Angular Velocity

R�
Gillessen 2009:

8.33± 0.3 kpc

Ghez et al 2009 (using orbits):
8.0± 0.6 kpc
8.4± 0.4 kpc(assuming stationary BH)

Bovy et al 2009 (a global average) [0907.5423v2]

R� = (8.2± 0.5) kpc

V�/R� measured with a high accuracy, much better than V�
and R� separately:

V�/R� = (30.3± 0.3) km/s/kpc

[MB+09,reid+09,Brunthaler+11]
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The Slope and Disk contribution R�

Circular velocity slope α(r) = d lnV (r)
d ln r

It is uncertain but limited, inside the solar circle:

α(2 kpc < r < 8 kpc) ' 0.1–0

(also slightly correlated with R� through the terminal velocities)
At R� we can take the broad range

α� = 0.± 0.1

(confirmed by the global profile fits, above)

Contribution of disk to sun’s rotation, β = VD/V�
The disk can neither contribute totally, nor negligibly.
A broad conservative range is

0.65 < β < 0.77
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The Slope and Disk contribution R�

Circular velocity slope α(r) = d lnV (r)
d ln r

It is uncertain but limited, inside the solar circle:

α(2 kpc < r < 8 kpc) ' 0.1–0

(also slightly correlated with R� through the terminal velocities)
At R� we can take the broad range

α� = 0.± 0.1

(confirmed by the global profile fits, above)

Contribution of disk to sun’s rotation, β = VD/V�
The disk can neither contribute totally, nor negligibly.
A broad conservative range is

0.65 < β < 0.77
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The Local DM density, cont’d

ρ� = 0.65
GeV
cm3

(
ω�

km/s kpc

)2

Xq

[
(1 + 2α�)− β f (r�D) Xz0

]
,

Result depends on
ω� ≡ (V�/R�), angular speed (very well known)
α� ≡ d lnV /d ln r |�, RC slope (uncertain)
β ≡ (VD/V�)2 “disk to total” ratio (constrained)
ρ�D ≡ R�/RD (constrained).
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Claim of no local DM!?

ESO claim [Mona-Bidin+’12]
using thick disk stars, with |z | < 4 kpc

(This is a lot above or below the disk.)
Measures l.o.s. velocity dispersion
Assume ‘circular’ velocity is z and R independent
Use vertical Jeans equation to find the gravitational potential
→ local DM surface density =0



The Dark
Matter

Distribution in
our Galaxy

F. Nesti

Problem

Global density
MW
Components
Model
Data: inner
Data: outer
Data: masers
Fits
Escape
Annihilation

Local density
Method
Result

Conclusions

Claim of no local DM!?

ESO claim [Mona-Bidin+’12]
using thick disk stars, with |z | < 4 kpc

(This is a lot above or below the disk.)
Measures l.o.s. velocity dispersion
Assume ‘circular’ velocity is z and R independent
Use vertical Jeans equation to find the gravitational potential
→ local DM surface density =0

Bovy-Tremaine refute (nonconstant velocity at higher z)
Finds ρ� ' 0.3± 0.1.
Garbari et al refine the analysis and find 0.9 GeV/cm3

But using simulation of the z dynamics and MCMC.
Also consistency of the sample can be questioned.

More generally,
it is hard to estimate the vertical dynamics.
Waiting for GAIA - increasing statistics and precision.
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ESO claim [Mona-Bidin+’12]
using thick disk stars, with |z | < 4 kpc

(This is a lot above or below the disk.)
Measures l.o.s. velocity dispersion
Assume ‘circular’ velocity is z and R independent
Use vertical Jeans equation to find the gravitational potential
→ local DM surface density =0

Bovy-Tremaine refute (nonconstant velocity at higher z)
Finds ρ� ' 0.3± 0.1.
Garbari et al refine the analysis and find 0.9 GeV/cm3

But using simulation of the z dynamics and MCMC.
Also consistency of the sample can be questioned.

More generally,
it is hard to estimate the vertical dynamics.
Waiting for GAIA - increasing statistics and precision.
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