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Galaxy haloes

NGC 6503 NGC 7331
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Rotation curves

Exp. Disk

GM 1) w2V

S B G

r2 r

!

Leiden Observatory

@ Even in very flattened
systems, the rotation
curve mostly probes the
enclosed mass (monopole)
of the mass distribution

In finite system:s,
Keplerian falloff
ST & e V=r-/2 inevitable

.

@ example: exponential disk
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= @ Assign fraction of potential to 'visible’ components
Q
=

@ Maximum disk’ decomposition (‘'minimum extra’)

@ Requires knowledge of Mass-to-Light ratio
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Stellar Mass Function

@ Starlight is a poor tracer
of stellar mass

!

Leiden Observatory

e —— et

[Fe."H} ; I.0.02 ONC (HC00)
T~ 1 Myr ~

Plei

4||

@ Most light emitted
by most massive e o
S-l-ars T ~ 160 Myr

|

R
T

- , ® Most of the mass
is ‘invisible’
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Y
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Direct measurements of M/L in disk galaxies

T — L —
<

'.,E'.

0 @ Dynamics of self-gravitating thin disks

OF

'é . @ gravity field = vertical

K @ vertical motions decouple from horizontal ones

@ stars move in 1-D vertical potential y(z)

dp(z) ;
o W ey (< |2|)

\. J

d2
Vb = AnGpm = C;i(22> TG D=
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Direct measurements of M/L in disk galaxies

T e —
2

Cper B

b

k. 7 @ Essentially compare mean orbital v;¢ at z=0 with

e mean z reached

g : o o

‘-‘_g | @ Problem in practice: .

o

= @ need disk thickness (edge-on view)

@ velocity dispersion (face-on view)

’a ]
Universileit Leiden
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Solar Neighbourhood

iy

-

1

'.,E'.

' ® Can measure 3D structure from G

OF star counts *

= &

"_-8 | @ Can measure dynamics from | *l

& individual stars

o Kapteyn (1922) - Oort (1932) i :

%
%
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Kapteyn 1922

FIRST ATTEMPT AT ATHEORY OF THE ARRANGEMENT
AND MOTION OF THE SIDEREAL SYSTEM*

By J. C. KAPTEYN?
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Lne relative veld y A1S0 111 The plane o e IVIIIKY YWway and apout 40 K11l

incidentally suggested that when e theory is perfected it may be possible to deter-

mine the amount of dark matter from its gravitational effect. (5) The chief defects

:
oy

ST
- 111.5:\’%&
e Ezﬂ

= .“3':!&,9

Monday, July 16, 2012

Universileit Leiden



Qort 1932

BULLETIN OF THE ASTRONOMICAL INSTITUTES
OF THE NETHERLANDS. "'

1932 August 17 Volume VI | No. 238.

COMMUNICATION FROM THE OBSERVATORY AT LEIDEN.

-

)
®
"
.
-
%
0
0
O
-
Q
=
Q
-

The force exerted by the stellar systefn in the direction perpendicular to the galactic
plane and some related problems, by #. /. Oort.

11, The amount of dark matler.

From the results found for the decrease of A (=)
with & we may derive an approximate value of the
total density of matter, A, in the neighbourhood of
the sun. Let us suppose that we are situated inside
a homogeneous ellipsoid of revolution with semi-axes
a and ¢, and density A. For £=—o0 there will then
be the following relation:

dK(z)f0z=—4myxA (14)

total mass density (Mo/pc?)

Universileit Leiden
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Stellar dynamics

@ Describe stars with phase space density f(x;,v;)

=
§ - /fdgvzp; /”3fd30=P03§
o @ Collisionless Boltzmann equation
-0
o Db Of of oY Of
- Dt Ot or; Ox; Ov;
ﬁ @ Ignore all x,y gradients
3 df f
- sl LSRRG T
| i dz “dv,
*fJ @ X Vz, Integrate over v;:
. 5 d ng

) dz

.
o

el 2

R E{‘ﬂg 2
0l & P
oy 2
2

> =

b
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Stellar dynamics

> @ More generally, for an axisymmetric system in

O cylindrical polar coordinates (R,$,z)
- (@

2 Df.g B OFf OFf v\ O RO A O f
,33’ Dt _ 0tf e (KR+E Jin e,
!
O, @ X Vi, integrate gives Jeans equations

3 L d(Rpoh) | Opors) _P4+08)

-2 R ORE ./ 48 R

3 Apo?) | Opons) _ oo

0z OR

B
o

) . o NB:in a thermalized system velocity dispersion is
= isotropic: Or.=0; Or=0,=04¢

.
o
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Stellar dynamics

> @ More generally, for an axisymmetric system in

_% cylindrical polar coordinates (R,$,z)

;’ %{=%+m§—£+vz%+(&a+%)§)—ivlz@g@]; :Kzgizo
8 @ X Vi, integrate gives Jeans equations

é L 9(Rpog) | 9(por:) 5(/?%\(@) B K

~-§ R OR 0z w

0(po7)  O(por.)
Aol ok T

B
o

) . o NB:in a thermalized system velocity dispersion is
= isotropic: Or.=0; Or=0,=04¢

.
o
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Stellar dynamics

> @ More generally, for an axisymmetric system in
.% cylindrical polar coordinates (R,$,z)
,8 @ X Vi, Integrate gives Jeans equations
é 1 O(Rpo%) _ 9(poRs) @ﬁ)@
-E R OR 0z w

K

a(pag) a(pURZ)
97 OR P2z

; |, ; @ NB:in a thermalized system velocity dispersion is
= Isotropic: Orz=0; OR=0:=0¢

ALEY ‘D

g

e Leb %
= B
o 9
=

S
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*ﬁw“:i%ﬁ ;% dZ o K < p
e /iy
R | &
o

Vertical kinematics
, 4 de) df

0 = uie, v :f(w(z)‘FU,E) = f(E,)

'S dz vt dy,

(U

-

Q

| :
O, o Velocity distribution at z=0 + ¥ (z) | »
- . : . ‘

Q ==> velocity distribution (and b

"E density) at height z l

@ (avoids derivatives needed to apply i
the Jeans equation)

Monday, July 16, 2012



In practice

@ Pick a good tracer population that probes the disk (z<~1kpc)
@ numerous

@ sufficiently old, well-mixed

!

Leiden Observatory

@ well-calibrated distances

@ good radial velocity measurements

@ Lower main sequence stars (G - K dwarfs)

.

@ Parameterize possible potentials

@ Known star populations + gas + dark disk + halo

Monday, July 16, 2012



Trial potentials

ry

" Leiden Observato
-

- .
&k ;

IK,| [vertical acceleration]

< z [height above plane]
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HILL'S K GIANTS WITH z<90pc

@ Example (kkscitmore 1989)

o F(V) at z=0

!

Leiden Observatory

_~
>
2 o
No
Ol
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e
2

4 UPGREN gK STARS

e ’\“. "
.

@ predicted p(z) in a
WYSIWYG Po'l'en-“al 8(11.00)= 50.0%

o .
:.,{‘.;.

@
b ’ =

") E »
Tl & P
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Disk dark matter?

@ Since 19905, most analyses
agree:

@ disk kinematics below
z=500pc consistent with

!

Leiden Observatory

1('-2 _A'_‘__A___L._¢_;"__L__A__ )
00 02 04 06 08 10 12 14 16 18

known populations’ gravity i

® median (90%)

@ disk volume density at z=0 o mein (07 + RC
is about 0.1IMo/pc3, 50-50

stars and gas

@ disk surf. density 50Mo/pc?

=)
S
OI
gl
=K
- ol
i
!

@ Halo dark ma'l"l'er densi'l-y? - 0.08 0.10 N 0.12 0.14 0.16

Garbari et al 2012




Halo dark matter

@ Milky Way rotation is a bit g
awkward to model

@ Fix local disk surf. density

!

" Leiden Observatory

@ Vary scale height, solar
orbit speed, fit V¢irc curve

Exponentlal disk, I =50M,/pc®

—
4]

R
i

Universileit Leiden
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Using disk stars to probe halo dark matter

1 O(Rpo%) O(pogr,) P35 +03)

. | ="l

- R~ OR B2 R el
a 0(po;)  O(por:)

;’ 0z OR gty " /
. AnGop,, =
o 7N 52 R OR

®

“-??3 @ At high z, no longer vertical-only kinematics

-

@ Velocity ellipsoid ftilts, is anisotropic

@ Need to measure radial gradient of this ftilt

o

1. 5 o Also Poisson equation not separable

BB i,
™
3

.
o
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Orbit tilt

The tilt of the velocity ellipsoid from RAVE

200

tory
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Orbit tilt

0(poz) , 9(por:)

| | — ol

- e DLl

E’ . @ For a 2:1 radial:vertical velocity dispersion ratio

Q
-0 Sty TR D
.8’ ars = (ke o?) =

3 @ Radial gradient set by disk scale length H

- 4 S

o (PORz) R = (UR—UZ)H—R
' Vertical force due to halo | O==AOKm/S
4 ? @ Vertical force L;e o halo |sZ Ve 2 200Kkm/s
; By K~ B Vs H=R/2
| ‘ : hR R hR2 C1rcC

W‘jﬁrf : \ . / VvCQirc H
(=51 o Ratio halo K, : fake ftilt force F3 o 3R ~ F},
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Moni Bidin et al. 2012

Kinematical and chemical vertical structure of the Galactic thick disk':?

II. A lack of dark matter in the solar neighborhood

@ Study of the vertical kinematics using red giant
stars up to 4kpc from the disk plane.

!

" Leiden Observatory

@ Large number of assumptions on missing ferms;
reasonable for disk population but uncertain

@ criticised by Bovy & Tremaine (2012)

- . " .
Sl s
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Bovy & Tremaine 2012
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Bovy & Tremaine 2012

correct

: Ve _
effect of SE = 0

approximation
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Moni Bidin et al. 2012

@ Rotational velocity profile from MB & al Paper I

@ Vrot < 0.5Vcire !  Are these disk stars?
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Not discussed here

-y

&
=

'E @ Halo flattening: barely affects rotation curve, but
8 increases local density
¢)

E @ prolate halo would lower it

S

@ @ Local substructure: could lead to higher or lower

densities

@ Overall dark halo structure (size, extent, shape)
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Summary

| g‘ @ Long history of measuring local DM density
CS @ No convincing evidence for ‘cold’ DM component in
] ?,,” the disk (as thin as a few 100 pc)
0
o o Halo density derived from vertical kinematics
.Tg unreliable:
Q
-

@ velocity ellipsoids ftilt, radial Poisson eq. terms

@ Needs a full picture of 3-D kinematics (Gaia!)

R
.

.f \ . Rotation curve decompositions lead to estimates of
=% 0.005 - 0.01 Mo/pc3.

S % L
e EB@ 3
o ‘%« &
CRRn -4

f=

; o

Monday, July 16, 2012




