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DARK MATTER IN THE UNIVERSE
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DARK MATTER IN GALAXIES
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DARK MATTER IN THE MILKY WAY
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DARK MATTER IN ANDROMEDA
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HISTORICAL PARENTHESIS: ANDROMEDA

The kinematics of an object is a prime tool to learn about its mass.

o |

Vates & Garden '89] | The kinematics of Andromeda has been studied since the
: 1930s through the Doppler shift of spectral lines in the gas.

e Ay — — vlgs Yo

s

K,

MIGUEL PATO (OKC STOCKHOLM)




HISTORICAL PARENTHESIS: ANDROMEDA

The kinematics of an object is a prime tool to learn about its mass.

oo |

Yates & Garden '80] | The kinematics of Andromeda has been studied since the

1930s through the Doppler shift of spectral lines in the gas
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HISTORICAL PARENTHESIS: ANDROMEDA

The kinematics of an object is a prime tool to learn about its mass.

™ The kinematics of Andromeda has been studied since the

“jm—'? ' ]
f{ [Yates & Garden '59] 1930s through the Doppler shift of spectral lines in the gas.
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HISTORICAL PARENTHESIS: ANDROMEDA

The kinematics of an object is a prime tool to learn about its mass.

RE oo |

Yates & Garden '89]

i The kinematics of Andromeda has been studied since the
1930s through the Doppler shift of spectral lines in the gas.
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‘- visible mattet ¢ :
[Babcock '39, Rubin & Ford '70, Free;man '70, Rogstad & Shostak '72, Bosma '78,. Rubin+ '80, '82, '85]

: e
. : i o GM(< r
Under Newtonian gravity, a spherical mass induces vC2 — # :
: r

The rotation provided by the visible mass falls off as v. 1/ﬁ\; large r. A flat
rotation curve implies* a dark matter halo with M(< r) o r.

MIGUEL PATO (OKC STOCKHOLM) * Modifications of gravity at galactic scales are also feasible. [Milgrom x3 '83] 2



1. TOUR OF THE GALAXY

The Milky Way is a complex bound system of stars, gas and dark matter.

Milky Way

edge-on

/—bulqe/bax
Sun —/ J \\E gas disk
stellar disk

Galactic centre

not to scale!

North
galactic
pole
a star
*

Galactic
center

LB\ aney & Tremaine '87]
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We can identify the following main components:
e supermassive black hole, with mass 4 x 10° Mop;

o stellar bulge, with barred shape of scale length
2 — 3kpc and mass 101° Mg;

e stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 Mg with a marked spiral structure;

e gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disc-like structure otherwise; and

The Sun is located slightly above the Galactic plane
at Ry ~ 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.



1. TOUR OF THE GALAXY

The Milky Way is a complex bound system of stars, gas and dark matter.

Milky Way

dark halo

/—bulqe/bar

Sun J \\E gas disk

Galactic centre stellar disk

not to scale!

Ptot = ¢bu1ge + Pdisc + ¢gas + édm

how can we constrain the parameters of a
galactic mass model?
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We can identify the following main components:
e supermassive black hole, with mass 4 x 106 Mo;

e stellar bulge, with barred shape of scale length
2 — 3 kpc and mass 1010 Mg;

o stellar disc, decomposed into thin and thick
components of scale length 10 kpc and total mass
1010 Mg with a marked spiral structure;

e gas, in molecular, atomic and ionised phases
(mainly H) with a patchy distribution towards the
centre and a disc-like structure otherwise; and

e dark matter halo, extending hundreds of kpc.

The Sun is located slightly above the Galactic plane
at Ro ~ 8 kpc from the Galactic centre, in between
two major spiral arms, and travels together with the
local standard of rest at about 220 km/s in a roughly
circular orbit.



1. TOUR OF THE GALAXY

‘ ¢tot = ¢bu1ge + ¢disc + ¢gas + ¢dm

~—

/

kinematics traces total potenti
R ~ 0.1 — 30 kpc
R ~ 8 — 60 kpc stap’population tracers
R ~ 100 — 300 kpc tellite kinematics
R ~ 300+ kpc

timing in Local Group

photometry  traces individual baryonic components

bulge star counts, luminosity, microlensing
disc star counts, luminosity, stellar dynamics
gas emission lines, dispersion measure
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1. TOUR OF THE GALAXY

‘ ¢tot = ¢bu1ge + ¢disc + ¢gas + ¢dm
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morphology f(x,y,z)

Pbulge = pof(X, ) Z)

TOUR OF THE GALAXY: STELLAR BULGE
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1. TOUR OF THE GALAXY: STELLAR DISC

‘ pdisc = pof(x,y,2) ‘

morphology f(x,y, )
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MIGUEL PATO (OKC STOCKHOLM) 6



1. TOUR OF THE GALAXY: GAS

ng = 2ny, + nH1 + NHII

morphology
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1. TOUR OF THE GALAXY: PHOTOMETRY
Ptot = ¢bu1ge + ddisc + ¢gas + ddm

photometry $bulge + Pdisc + Pgas _—buif:em
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1. TOUR OF THE GALAXY

‘ ¢tot = ¢bu1ge + ¢disc + ¢gas + ¢dm

~—

/

kinematics traces total potenti

R ~ 0.1 — 30 kpc

R ~ 8 — 60 kpc stap’population tracers
R ~ 100 — 300 kpc tellite kinematics
R ~ 300+ kpc timing in Local Group

/

photometry  traces individual baryonic components

bulge star counts, luminosity, microlensing
disc star counts, luminosity, stellar dynamics
gas emission lines, dispersion measure
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1. TOUR OF THE GALAXY

‘ ¢tot = ¢bu1ge + ¢disc + ¢gas + ¢dm

/

kinematics traces total potenti

I R ~ 0.1 — 30kpc rotatior(curve tracers

R ~ 8 — 60 kpc stap’population tracers
R ~ 100 — 300 kpc tellite kinematics
R ~ 300+ kpc timing in Local Group

photometry  traces individual baryonic components

bulge star counts, luminosity, microlensing
disc star counts, luminosity, stellar dynamics
gas emission lines, dispersion measure
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1. TOUR OF THE GALAXY: ROTATION CURVE

2 rd¢tot sph. G Mot (< r)

v =

N dr r
Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much
more challenging due to our position.

MIGUEL PATO (OKC STOCKHOLM) 10



1. TOUR OF THE GALAXY: ROTATION CURVE

> dgior sph. G Miot (< r)
Vi=r =

dr r
Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much

more challenging due to our position.
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[Begeman+ '91] Radius (kpc)
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1. TOUR OF THE GALAXY: ROTATION CURVE

2 rd¢tot sph. G Mot (< r)

v =

N dr

r

Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much

more challenging due to our position.

200 T T T T I T T T T I T T T T
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0 10 20
[Begeman+ '91] Radius (kpc)
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1. TOUR OF THE GALAXY: ROTATION CURVE

2 rd¢tot sph. G Mot (< r)

v =

N dr

r

Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much

more challenging due to our position.

object \ 250
200¢
vO0
kV/ 150
m/s
Sun J 100
Galactic Centre sk
%
[Sofue+ '09]
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1. TOUR OF THE GALAXY: ROTATION CURVE

2 rd¢tot sph. G Mot (< r)

v =

N dr

r

Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much

more challenging due to our position.

object \
vO0

Sun J

Galactic Centre
R R

los _ (Vc(RI)

Isr — R'/Ro -

v0> cos bsin{
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1. TOUR OF THE GALAXY: ROTATION CURVE

2 rd¢tot sph. G Mot (< r)

v =

N dr

r

Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much

more challenging due to our position.

object \
vO0

Sun J

Galactic Centre

RE3IX1S:

R

los _ (Vc(RI)

Isr — R'/Ro -

v0> cos bsin{
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1. TOUR OF THE GALAXY: SUMMARY
Ptot = ¢bu1ge + ddisc + ¢gas + ddm

T T T
« gas kinematics

-
kinematics T Ptot « star kinematics
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1. TOUR OF THE GALAXY: SUMMARY
‘ Ptot = ¢bu1ge + ddisc + ¢gas + ddm
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2. DARK MATTER: LOCALISE OR GLOBALISE?

local methods

aim: use data from a patch of the sky to
derive dynamics there.

+ “assumption-free”
— low precision

[Kapteyn '22, Jeans '22, Oort '32, Hill '60, Oort '60,
Bahcall '84, Bienaymé+ '87, Kuijken & Gilmore '91,
Bahcall4 '92, Creze+ '98, Holmberg & Flynn '00,
Holmberg & Flynn '04, Bienaymé+ '06, Garbari+ '11
'12, Moni Bidin+ '12, Bovy & Tremaine '12, Smith-+
'12, Zhang+ '13, Bovy & Rix '13, Loebman+ '14,
Moni Bidin+ '14]

MIGUEL PATO (OKC STOCKHOLM)

global methods

aim: use data across the Galaxy to
derive dynamics somewhere.

— global assumptions
~+ high precision

[Caldwell & Ostriker '81, Gates+ '95, Dehnen &
Binney '98, Sakamoto+ '03, Dehnen+ '06, Xue+ '08,
Sofue+ '09, Strigari & Trotta '09, Catena & Ullio '10,
Weber & de Boer '10, Salucci+ '10, locco+ '11,
McMillan "11, Nesti & Salucci '13, Bhattacharjee+
'14, Kafle+ '14, MP & locco '15, MP, locco &
Bertone '15, Sofue '15]
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2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Jj=1,2,3 (cartesian).

—ps O¢tot _ 6(P57j) n Z a(PSTVj)

Ox; ot Ox;

i
We can couple this to the Poisson equation: 4 Gprot = V2¢tot

MIGUEL PATO (OKC STOCKHOLM)



2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

lé] 7] sVj 0 sViVj H i
ot I(p VJ)JFZ (psvivy) , J=1,2,3 (cartesian).

P Tex Bt Bx;
1
We can couple this to the Poisson equation: 4 Gprot = V2¢tot
1ot (R,2) 0/0t =0 —Fgp =0¢tot/OR —F, = 0¢10t/0z
T2 N 22
18 BF. 1 [ 8(psvi) = B(psVRVz) VR T Vg
- == z Fr = —
4rCpion = 2o (RFR) + 57 g ps < R | oz TR
Foo L0 | Ses) | | Vv
Ps OR Oz R
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2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Jj=1,2,3 (cartesian).

—ps —

Odtot _ O(psV)) Za(psrvj)
= +

Ox; ot - Ox;
1
We can couple this to the Poisson equation: 4 Gprot = quﬁtot
1ot (R,2) 0/0t =0 —Fgp =0¢tot/OR —F, = 0¢10t/0z
L (0o | Olpsyiva) | | v — vs®
—4mGpran = = — (RER) + Fro= o ( aR ) R
ROR Ps z
E 8(psyf{vz d(psv2) VRV,
z = - -~ + e
OR Oz R

8 [ 1 8(psv2
—4mGptor = —— 1 0(psv2)
8z \ ps 0Oz

This is the so-called Oort limit.

[Oort '32]
MIGUEL PATO (OKC STOCKHOLM) 14



2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Odtot _ O(psV)) Za(psrvj)
= +

— j =1,2,3 (cartesian).
Ps 6XJ 6t : 6X,‘ J 1<y ( )
1
We can couple this to the Poisson equation: 4 Gprot = quﬁtot
1ot (R,2) 0/0t =0 —Fgp =0¢tot/OR —F, = 0¢10t/0z
T2 N 22
1 BF. 1 [ 8(psvi) = B(psVRVz) VR ~ Vg
—47Gpror = — — (RF) z Fr = = + +
T pret RBR( > ps ( aR oz R
1 B(psVrV;
[see talk by H. Silverwood] F, = Z (% +
0.10[ T T —1F R
F Z k]
o.08 r :
¢ o.oe[_ % -
(=9 7-'—5’ — 2
= - =
Eg 0.04 [~ L E
E 0.02 52: mext (IOCco et al. 2011) E i
Fs 3
0.00 [P gf - g
_o.0zL . . . ; E
[Read '14] 1920 194 1960 200 2020

[Bienaymed- '87, Kuijken & Gilmore 89 Creze+ '98, Holmberg & F\ynn OO Garban— 11 '12, Sm\th+ 12, Zhang+ '13]
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2. DARK MATTER: LOCALISE OR GLOBALISE?

local methods

aim: use data from a patch of the sky to
derive dynamics there.

+ “assumption-free”
— low precision

[Kapteyn '22, Jeans '22, Oort '32, Hill '60, Oort '60,
Bahcall '84, Bienaymé+ '87, Kuijken & Gilmore '91,
Bahcall4 '92, Creze+ '98, Holmberg & Flynn '00,
Holmberg & Flynn '04, Bienaymé+ '06, Garbari+ '11
'12, Moni Bidin+ '12, Bovy & Tremaine '12, Smith-+
'12, Zhang+ '13, Bovy & Rix '13, Loebman+ '14,
Moni Bidin+ '14]
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global methods

aim: use data across the Galaxy to
derive dynamics somewhere.

— global assumptions
~+ high precision

[Caldwell & Ostriker '81, Gates+ '95, Dehnen &
Binney '98, Sakamoto+ '03, Dehnen+ '06, Xue+ '08,
Sofue+ '09, Strigari & Trotta '09, Catena & Ullio '10,
Weber & de Boer '10, Salucci+ '10, locco+ '11,
McMillan "11, Nesti & Salucci '13, Bhattacharjee+
'14, Kafle+ '14, MP & locco '15, MP, locco &
Bertone '15, Sofue '15]
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2. GLOBAL METHODS
Ptot = ¢bu1ge + ddisc + ¢gas + ddm

rotation curve traces all matter
vC

dark matter

2 _ 2 2
Vc_vb+vdm

h.
Vim = G Mam(<r)/r — pam

[Dehnen & Binney '98, Sofue+ '09, Catena & Ullio '10, Weber & de Boer '10, Salucci+ '10, McMillan '11, locco+
"11, Nesti & Salucci '13, Sofue '15]

MIGUEL PATO (OKC STOCKHOLM)

16



2. PROFILE FITTING

A

Pdm pam(R; po, @)
R
alk
0
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We = wbaryons + Yam
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[everybody et al]
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2. PROFILE FITTING

[Gev om]
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polGeV/em?]
[locco+ '11]

P 1107 M_/kpe*]

A

©
o Lo stn

S o Rin

=

i i 1

A Gy
F%'e -Jr(%‘?_@

i g
78910 1214161820 25 30 40
47110048
Ry lkpc] 047 g
[Nesti & Salucci '13]
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2. PROFILE FITTING

pam < (r/rs) Y (1 + r/rs) 73T [MP, locco & Bertone '15, 1504.06324]

> 2 T T T T T T T T T T T T T T T T T T T
2 gen. NFW, r =20 kpc 1
218f :
»n 1. . g I
) A
c \ S
£16} \ AN
\ .
\ AN
\ AN
1.4fF \ .
\ N
\ \\
\ \
12} \
\ N
\ N 3
\ N
1 N .
\ N
. N
osf N AN
\\ \\\
0.6F \\ N b + % 5 % + -
\ \\
0.4F \ \\/g
\ \:@%
0.2f \ &
\\4‘%
0 P T R NS T N R
0 0.2 0.4 0.6 0.8 31
P, [GeViecm]
NFW: po = 0.420"9%% (20) GeV/cm®
Einasto: pg = 0.420t0'019
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2. PROFILE FITTING

Pam o (r/rs) 7 (1+ r/rs)*3+7 [MP, locco & Bertone '15, 1504.06324]

> 2 T T T T T T T T T T T T T T T T T T T
[ . . =
3 baryonic bracketing gen. NFW, r =20 kpc
s18F . ]
5] Vo
c \ ~
£16} \ N B
\
\ AN
\ N
1.4F \ N ]
\ N
\ N
\
1.2 \ S ]
\ N
\
1 \\ \\\ 1
\ N
. N
0.8F N 20 \\ ]
. \ \ \
\ N
0.6F \ ]
0.4F N \\/@7 B
\ %,
\\ \\/GO'
0.2F N\ \‘\‘é:‘ ]
N 38
0 P T TN B NS B
0 0.2 0.4 0.6 0.8

1
e, [GeViem?]
NFW: po = 0.420"9%% (20) + 0.025 GeV/cm?

Einasto: po = 0.420t%‘_%1291 (20) + 0.026 GeV /cm®
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2. PROFILE FITTING

pam < (r/rs) Y (1 + r/rs) 73T [MP, locco & Bertone '15, 1504.06324]

> 2 T T T T T T T T T T T T T T T T T T T

[ —

2 baryonic bracketing gen. NFW, r =20 kpc
“1.8F . b
9] Vo

c \ AN
£16} \\ N u

\\ AN . A
1.4F \ N ]
\ ~
\ N
\ N
1.2 \ “ ]
\ N
\
\ N
ik \ ]
\ \
\ N
o8k \\ 20 . |bulge ]
\‘ \\

06f \ ]

0.4 N \\/@7 1
N X
\ %
0.2F \\\ \‘\‘é:‘ ]
N\ Y &
0 P R TSN B N B
0 0.2 0% A > 0.6 0.8 1
disc p, [GeVicm’]
. _ +0.021 3
NFW: po = 0.4207 175 (20) £ 0.025 GeV/cm
3 . — +0.019 3
Einasto: po = 0.4207 7 (207) £ 0.026 GeV/cm
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2 . PROFILE FITTING  pam o (r/rs) Y (L4 r/r) 37 [MP, locco & Bertone '15, 1504.06324]

> 2 T | S — T T
[} —
2 baryonic bracketing gen. NFW, r =20 kpc
S18f . ]
9] Voo
c \ ~
£16} \\ N u
\\ A A
1.4F \ ]
\ N
\ N
1.2 \\ S ]
\ N
\
1 \\ ]
\ N
8 N
o8k 2 . |bulge ]
\\\ \ \\
0.6F \ b
0.4af K g ]
\ 3
\ 53 Ro = 8 kpc
0.2 \ o
\ R vo = 230km/s
' Y &
0 L L L 1 L L L 1 ™ L L 1 N L L 1 L L L
0 0.2 [ox. - > 0.6 0.8 31
disc p, [GeVicm’]

NFW: po = 0.420"9%% (20) + 0.025 GeV/cm?
Einasto: po = 0.420t%‘_%1291 (20) + 0.026 GeV /cm®
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2. PROFILE

FITTING pam < (r/rs) Y (1 + r/rs) 73T [MP, locco & Bertone '15, 1504.06324]

inner slope y
g = =
S (2] [} N
T T T

=
N
T

0.4

0.2F

R,=7.98 kpc
V,=214.52 km/s
Veun=26 km/s
R,=8.68 kpc

V,=258.45 km/s
\\\ V3, =5.25 km/s

spiral arm systematic

20% disc normalisation

T
gen. NFW, r =20 kpc
representative baryonic model

0.2 0.4 0.6 0.8

MIGUEL PATO (OKC STOCKHOLM)

1
P, [GeViecm]
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2. PROFILE FITTING

A

Pdm pam(R; po, @)
R
alk
0

MIGUEL PATO (OKC STOCKHOLM)

2
WYdm

4

R3

_ G Mam(<R)

{

2

2

2

We = wbaryons + Yam

Ty

[everybody et al]

Ay
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2. PROFILE RECONSTRUCTION

A

Pdm 2

Wdam

t

2
Ydm
R2

G Mam(<R)
R3

MIGUEL PATO (OKC STOCKHOLM)

w"

2
WYdm

4

[MP & locco '15, ApJ Lett., 1504.03317]
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2. PROFILE RECONSTRUCTION

Let us take a spherical dark matter distribution. Then,

R

GMam(< R) 471G

2 2 2 2 d 2

Wam = Wc — Wharyons ) Wdm = ;3 = R3 dr r®pam .
0

Solving for pam,

1 dw? w? dInw?
R 3 — dm 3 dm
pam(R) = 4G<w°‘m dR) 47rG( T dnr

That is, the deviation from w2 _ o R™3 (or vgm ox R~1/2?) measures the dark matter

density at each R. No assumption has been made on the functional form of pam(R).

" densiy determinaion
baryonic bracketing

—Navarro-Fenk Whie

--Einasto E

Py, [GeViem®]
T

isothermal

P
20

2
R lkpe
MIGUEL PATO (OKC STOCKHOLM) [MP & locco '15, ApJ Lett., 1504.03317] 22



3. FUTURE DIRECTIONS?

local methods Vs

aim: use data from a patch of the sky to
derive dynamics there.

+ “assumption-free”
— low precision

[Kapteyn '22, Jeans '22, Oort '32, Hill '60, Oort '60,
Bahcall '84, Bienaymé+ '87, Kuijken & Gilmore '91,
Bahcall4 '92, Creze+ '98, Holmberg & Flynn '00,
Holmberg & Flynn '04, Bienaymé+ '06, Garbari+ '11
'12, Moni Bidin+ '12, Bovy & Tremaine '12, Smith-+
'12, Zhang+ '13, Bovy & Rix '13, Loebman+ '14,
Moni Bidin+ '14]

MIGUEL PATO (OKC STOCKHOLM)

global methods

aim: use data across the Galaxy to
derive dynamics somewhere.

— global assumptions
~+ high precision

[Caldwell & Ostriker '81, Gates+ '95, Dehnen &
Binney '98, Sakamoto+ '03, Dehnen+ '06, Xue+ '08,
Sofue+ '09, Strigari & Trotta '09, Catena & Ullio '10,
Weber & de Boer '10, Salucci+ '10, locco+ '11,
McMillan "11, Nesti & Salucci '13, Bhattacharjee+
'14, Kafle+ '14, MP & locco '15, MP, locco &
Bertone '15, Sofue '15]
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3. FUTURE DIRECTIONS?

local methods

aim: use data from a patch of the sky to
derive dynamics there.

+ “assumption-free”
— low precision

global methods

aim: use data across the Galaxy to
derive dynamics somewhere.

— global assumptions
~+ high precision

[Kapteyn '22, Jeans '22, Oort '32, Hill '60, Oort '60,
Bahcall '84, Bienaymé+ '87, Kuijken & Gilmore '91,
Bahcall4 '92, Creze+ '98, Holmberg & Flynn '00,
Holmberg & Flynn '04, Bienaymé+ '06, Garbari+ '11
'12, Moni Bidin+ '12, Bovy & Tremaine '12, Smith-+
'12, Zhang+ '13, Bovy & Rix '13, Loebman+ '14,
Moni Bidin+ '14]

MIGUEL PATO (OKC STOCKHOLM)

[Caldwell & Ostriker '81, Gates+ '95, Dehnen &
Binney '98, Sakamoto+ '03, Dehnen+ '06, Xue+ '08,
Sofue+ '09, Strigari & Trotta '09, Catena & Ullio '10,
Weber & de Boer '10, Salucci+ '10, locco+ '11,
McMillan "11, Nesti & Salucci '13, Bhattacharjee+
'14, Kafle+ '14, MP & locco '15, MP, locco &
Bertone '15, Sofue '15]
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3. FUTURE DIRECTIONS?

[l rotation curve data  [llbulge [l disc [l 9as [l baryonic bracketing

o o
o © [

relative uncertainty

o
3

baryons kinematics

5 10 25
[MP, locco & Bertone '15, 1504.06324] R [kpc]
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3. FUTURE DIRECTIONS?

[l rotation curve data  [llbulge [l disc [l 9as [l baryonic bracketing

[N

o
©

o
o

2
=
g
@
5]
c
S
o
=
8
[

o
3

o
)

baryons o3 kinematics
1
0.2 :S.
k5
1
0.1F i
i
] o
1= n 1 n n 1 s s s ——
0 5 10
[MP, locco & Bertone '15, 1504.06324]
Gaia fact sheet wish list

2013-2018 disc modelling
A = 320 — 1000 nm Oort’s constants
109 stars G < 20 mag local density

parallax +10 pas
proper motion +10 uas/yr
radial velocity +1km/s

MIGUEL PATO (OKC STOCKHOLM) 24



4. SUMMARY & CONCLUSION

photometry vs kinematics

photometry: tracks baryonic matter
kinematics: tracks total matter

kinematics — photometry: tracks dark matter

local vs global methods

local methods: robust but low precision
global methods: model-dependent but high precision

both are complementary

current uncertainties

inner Galaxy: baryons

outer Galaxy: kinematics

bottomline

The distribution of dark matter in the Milky Way remains largely unconstrained,
but Gaia and other surveys will shrink current uncertainties,
leading to a new precision era in mapping dark matter in the Galaxy.

MIGUEL PATO (OKC STOCKHOLM)
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1. TOUR OF THE GALAXY: STELLAR BULGE

Pbulge = pof(X, ) Z)

normalisation pg

One possibility to normalise bulge models is to use microlensing.

lens [Paczynski '86]

observer

N -
D1
Ds
I- Microlensing is simply a regime of gravitational
lensing where the multiple images are not resolved.
— . . . 2 __ 4GM, b
g ‘ﬁlens Einstein radius Rp = =%+ D; (1 Ds)
o
[*H source . 2
unresolved images ~ A(t) = —LE2
uy/u2+4
I+, M) ~ [1079,10%] Mg: tg ~ hr — days

MIGUEL PATO (OKC STOCKHOLM)
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1. TOUR OF THE GALAXY: STELLAR BULGE .
Pbulge = Pof(X, ) Z) ‘

normalisation pg

Microlensing in our Galaxy was predicted in 1986 and observed for the first time in
1993 by MACHO and EROS.

QGLE-2005-BLC -006 o |- T T T T T ]
T A s e -
C ] —2 [ +10e
C 3 10
155 — ] 1
o L ] Il
3
2 [ — o
S C R -6 oo
E C 3]
H C b | |
160 Mk, weas e, Fetwnd = B
B ] Lol
17 — —-10 |-
S Ll I L ) )
2500 3000 3500 10 8 6 4 2 o
HID - 2450000 [OGLE '05] 1 [MACHO '05]

The microlensing optical depth, i.e. the probability for observing a microlensing event,

D D
® d’N i G ® D,
r=[ dD [ dM; (7RZ) x L) =2 dD; o/ Dy (1 - J)
0 dVdM, c? o Ds
is particularly convenient since it depends on p; only, not on M.
(r) = 2177947 x 1078, (£, b) = (1.50°, —2.68°)  [MACHO 03]

MIGUEL PATO (OKC STOCKHOLM)
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1. TOUR OF THE GALAXY: STELLAR DISC

pdisc = pof(x,y,z)

normalisation pg

The normalisation of the stellar disc can be pinned down with the kinematics of
specific stars.

10°F T T T T T 3 10°F T T T T T 3

\}\Kmi i

e,

Y(R,|Z| < 1.1kpc) (Ms pe?)

Kz(R,|Z| = 1.1kpc) (27G M, pc?)
%
]
/

10!

1 5 B 7 B 9 10 10ty 5 5 7 s 9 10
R (kpe) [Bovy & Rix "13] R (kpc) [Bovy & Rix "13]

The latest dynamical measurement uses G dwarfs from SEGUE and fixes the stellar
local surface density to

Y. =38+£4Mgp/pc?®.  [Bovy & Rix 13

MIGUEL PATO (OKC STOCKHOLM) 29



1. TOUR OF THE GALAXY: GAS

ng = 2ny, + nH1 + NHII

normalisation

The gas content is dominated by Hz in the inner Galaxy and H | in the outer Galaxy.

north e -
total disk —— -

south -
) [ e
/,—‘/ - Wolfire —— -

BM9S - - - -

100

Surface density (1078 cm?)

0 5 10 15 20 25 30 35 40
[Kalberla & Dedes '08] R (kpe)

For Hz, the main normalisation uncertainty arises from the CO-to-H> factor,
Xco =0.25—-1.0x 100 cm 2K~ 'km~!s (r < 2kpc)

Xco = 0.50 — 3.0 x 1020 Cl‘Il_2 K71 kI’l‘l_1 s (r > 2 kpC) . [Ferriere4 '07, Ackermann '12]

For H |, different surveys disagree by up to a factor ~ 2 in the inner 15 kpc.

MIGUEL PATO (OKC STOCKHOLM) 30



1. TOUR OF THE GALAXY: ROTATION CURVE

> dgior sph. G Miot (< r)
Vi=r =

dr r
Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much
more challenging due to our position.

5 300— T T
- Milky Way
250 |

object \

200F
vO0
kV/ 1501
m/s
Sun J 100 : 7
Galactic Centre ok : J

VC EEE EEE 0 ; 10 % 7))

R [Sofue+ '09] Rkpc

ve(R') Doppler shift
T ( c — Vo) cos bsin £ 1. gas (21cm, Hea, CO)
R'/Ro 2. stars (H, He, O, ..)
3. masers  (H20, CH3OH, ...)
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1. TOUR OF THE GALAXY: ROTATION CURVE

> dgior sph. G Miot (< r)
Vi=r =

dr r
Rotation curve tracers are young objects or regions that track galactic rotation. In
external galaxies the only available tracer is the gas, while in our Galaxy we can use
also some stars and star-forming regions. However, the case of our Galaxy is much
more challenging due to our position.

object \

250

200F

v0

Sun J

Galactic Centre

Vo150
km/s

100

50 A

RE3IX1S: |

0 5 10 15 20
R [Sofue+ '09] Rkpc

ve(R') distance ] »
vios = ( < _ VO) cos bsin? 1. terminal velocities (gas)
R'/Ro 2. photo-spectroscopy  (stars)
3. parallax (masers)
MIGUEL PATO (OKC STOCKHOLM) 32




1. TOUR OF THE GALAXY:

optimised to R = 3 — 20 kpc

2780 individual measurements

2174/506,/100 from gas/stars/masers

ROTATION CURVE

« gas kinematics

v

=~ ——
E 600 »starkinematics 7]
X * masers ]
El 4
> X ]
500 - 1
a0l ]
I ey ]
300 + — Ll ]
[ \ i ]
[ ol N l ] Ll ]
X Wu 4 ]
200 1
L .. L ]
L - T ]
oo " ki ‘ ]
[ r + R,=8kpc ]
vV, =230km/s ]

A 1 L 1 1 1 1 M
0 5 10 15 20 25 30
[locco, MP & Bertone '15, Nat. Phys., 1502.03821] R [kpC]
MIGUEL PATO (OKC STOCKHOLM) 33



1. TOUR OF THE GALAXY: ROTATION CURVE

gas

stars

masers

MIGUEL PATO (OKC STOCKHOLM)

Object type R [kpc] quadrants #t objects
HI terminal velocities

Fich+ '89 21-8.0 1.4 149

Malhotra '95 21-75 1,4 110

McClure-Griffiths & Dickey '07 28-76 4 701
HI thickness method

Honma & Sofue '97 6.8 —20.2 = 13
CO terminal velocities

Burton & Gordon '78 14-79 1 284

Clemens '85 1.9-8.0 1 143

Knapp+ '85 06-7.38 1 37

Luna+ '06 2.0-8.0 4 272
HII regions

Blitz '79 8.7-11.0 2,3 3

Fich+ '89 9.4-125 3 5

Turbide & Moffat '93 11.8 - 14.7 3 5

Brand & Blitz '93 52-16.5 1,234 148

Hou+ '09 35-155 1234 274
giant molecular clouds

Hou+ '09 6.0 -13.7 1,234 30
open clusters

Frinchaboy & Majewski '08 4.6 —10.7 1,234 60
planetary nebulae

Durand+ '98 3.6 -12.6 1,2,3,4 79
classical cepheids

Pont+ '94 51-14.4 1,2,3,4 245

Pont+ '97 10.2 - 185 2,34 32
carbon stars

Demers & Battinelli '07 93-222 1,23 55

Battinelli+ '13 12.1 - 24.8 1,2 35
masers

Reid+ '14 40-15.6 1,234 80

Honma+ '12 7.7-99 1,234 11

Stepanishchev & Bobylev '11 8.3 3 1

Xu+ '13 7.9 4 1

Bobylev & Bajkova '13 4.7 -9.4 12,4 7

[locco, MP & Bertone '15, Nat. Phys., 1502.03821]
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1. GALKIN

coming soon: galkin, public code in python

600

500

[kem/s]

200

100

Rkpc]
MIGUEL PATO (OKC STOCKHOLM)

galactic parameters

Rolkpc= (8.0 | Volkm/s]=

Usun [km/s]=[11.10] Vsun [km/s]<[12.24

data to use
[ Hiterminal velocities
& Fich+89 (Table 2)
& Malhotra 95
& Mcclure-Griffiths & Dickey 07

& Hithickness
& Honma & Sofue 97

& coterminal velocities
& Burton & Gordon 78
& Clemens 85
& Knapp+85
& Luna+06

& Hilregions
& Blitz79
& Fich+ 89 (Table 1)
& Turbide & Moffat 93
& Brand &Blitz 93
& Hou+ 09 (Table A1)

& giant molecular clouds
& Hou+ 09 (Table A2)

syst[km/sl= (0.0

Wsun [km/s]=[07.25.

& open clusters
& Frinchaboy & Majewski 08

& planetary nebulae
& Durand+98

@ classical cepheids
& Pont+ 94
& Pont+ 97

& carbonstars
& Demers & Battinelli 07
& Battinelli+ 12

& masers
& Reid+ 14
& Honma+ 12
& Stepanishchev & Bobylev 11

& xu+ 13
& Bobylev & Bajkova 13

oK

user-friendly interface

data & parameter selection

output rotation curve

output positional data

[MP & locco, in progress]
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EVIDENCE FOR DARK MATTER
‘ Ptot = ¢bu1ge + ddisc + ¢gas + ddm ‘

Eloz T T T T T T 1
= ! - rotation curve data

e § : ‘ baryonic bracketing

= =

3 | ! N

2 _ 2 2
We = wbaryons + Wam ‘

1
1 4
1
L |
o '
1 1 |
1 Ll 1 il ] I ‘
' A ﬂ —
F o1 1
o ] e
X : =
L ' i
g 1
L8 s |
N [}=4
" i
1L 1 1< 1 1 ! 1
5 10 15 20 25
R [kpc]
y A
How bad is a baryon-only fit?
x=R/Ro y=wfw—1
N N £ E
_ (yi —yp,i)® | (xi = xb,1)?
X = E :d:2 = E : [ 2 + 2
o? . o2 .
i=1 i=1 Il Xl
x
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1. EVID

10

pc

Angular circular velocity (km sk

x/dof  residuals (km s kpc™)

10

107

3
MIGUEL PATO (OKC STOCKHOLM)

ENCE FOR DARK MATTER
T

Ry = 2.5 kpc

1
1
1
1
L 1
1
1
1
U
n

\

* rotation curve data
baryonic bracketing

=t
44

1]
—

___R::_B___-

S L

Ry =8kpc
v, =230 kms*

5 10
[locco, MP & Bertone '15, Nat. Phys., 1502.03821]

2
Galactocentric radius (kpc)
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1. EVIDENCE FOR DARK M

ATTER

H H EH T 3 3 T 3
1 £ = El
] ]
Galactocensic rais (kpe) " Golactocensic ra s ]
3 T T T 33 ! 3
: E 3
(UMW), from Dehnen & Binney 'S5 (U from Bovys 12 and v, = 218 ks UV, from Reid 14 and v, = 240 ks gas kinematcs only
e s () ‘ * T—
¥ ]
]
— ~
— = — L
; : : :
— T e i

iy + g iy z iy g w0 + 3 E
" Galaciocenuic radus (kpe) alsctocensic rads | W) " Galactocensicracus (kp)

MIGUEL PATO (OKC STOCKHOLM)

[locco, MP & Bertone '15, Nat. Phys., 1502.03821]



1. TOUR OF THE GALAXY

‘ ¢tot = ¢bu1ge + ¢disc + ¢gas + ¢dm

/

dynamics traces total pote

R ~ 0.1 — 30kpc rotation curve tracers
I R ~ 8 — 60 kpc staﬂ)opulation tracers

R ~ 100 — 300 kpc tellite kinematics

R ~ 300+ kpc timing in Local Group

“photometry”  traces individual baryonic components

bulge star counts, luminosity, microlensing
disc star counts, luminosity, stellar dynamics
gas emission lines, dispersion measure

MIGUEL PATO (OKC STOCKHOLM)
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1. TOUR OF THE GALAXY: STAR POPULATION

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Odtot _ O(psV)) Za(psr\/j)
= +

P Tex Bt Bx;

Jj=1,2,3 (cartesian).

i

ps: star density vj: velocity of stars

MIGUEL PATO (OKC STOCKHOLM)



1. TOUR OF THE GALAXY: STAR POPULATION

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Odtot _ O(psV)) Za(psrvj)
Jr

“ps - Ox;

Bx; Bt j=1,2,3 (cartesian) .

i

ps: star density vj: velocity of stars

400 T T

circular velocily curve bosed on Jeans £q. with f = 0 ———
circulor velocity curve based on Jeans Eq. with § = 0.37 - = - -

V,, estimates bosed on Simulotion | .
300 V. estimates bosed en Simulation I ]

g

circulor velocity (km s™")

g
T
1

ol L 1

o

[Xue+ '08]  (kpe)
[Sakamoto+ '03, Dehnen+ '06, Xue+ '08, Bhattacharjee+ '14, Kafle+ '14]
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1. TOUR OF THE GALAXY: STAR POPULATION

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Odtot 8(psVv;) z 9(psVvivy)
+

—ps = j=1,2,3 (cartesian) .

Ox; ot - Ox;
1
ps: star density vj: velocity of stars
agDSS
10 02
8k - 04
Q
<
N 4F 408
2k - -0
0 . . 12
0 5 10 15 20
[Loebman+- "14] R (kpo)

[Bovy & Rix '13, Loebman+ '14]
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1. TOUR OF THE GALAXY: STAR POPULATION

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

15] d(psVv; O(psvivj . .
—ps ;:;t = (gtj) +z (P(;Xi ) , J=1,2,3 (cartesian).

i

ps: star density vj: velocity of stars

*coo
¥s10
Ao T

@ this work

[km s-1]

[Moni Bidin+ '12] 2 [kpe]

Kuijken & Gilmore '91, Holmberg & Flynn '04, Moni Bidin+ '12, Bovy & Tremaine '12, Moni Bidin+ '14]
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2. DARK MATTER CONTENT

‘ ¢tot = ¢bu1ge + ¢disc + ¢gas + ¢dm

~—

/

dynamics traces total potential

R ~ 0.1 — 30 kpc ion curve tracers

R ~ 8 — 60 kpc stap’population tracers
R ~ 100 — 300 kpc tellite kinematics
R ~ 300+ kpc timing in Local Group

Z

“photometry”  traces individual baryonic components

bulge star counts, luminosity, microlensing
disc star counts, luminosity, stellar dynamics

gas emission lines, dispersion measure

MIGUEL PATO (OKC STOCKHOLM)
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2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

O¢tot  O(psVj) 8(psVivj)
"o ot 2 oxi

i
We can couple this to the Poisson equation: 4 Gprot = quﬁtut

Jj=1,2,3 (cartesian).

1ot (R,2) 0/0t =0 —Fgp =0¢tot/OR —F, = 0¢10t/0z

— _ = _ 3
10 BF, L [ 8(psvi) | B(psvrV2) )
_ _r9 orz Fr = —
4w Gpior = B 6R(RFR) + 5 R o ( R + 52 + B
B(PSVRVZ) a(ﬁsﬁ) VRVz
F _ zZ
i ( R a2 *R

® median (90%)
® median (90%) + RC
0.08 Flynn et al 2006

= 0.06 \

N
AN /\;
0.01 AN

0.02

fa M/pe

0. e b =
Garbari{ 1{2 10 - 4)) N 50 55 60
[ [Bienayme} '87, K_IIU[VIEAVE]G“W]OI’Q '89, Creze+ '98, Holmberg & Flynn '00, Garbari+ '11 "12, Smith+ '12, Zhang+ '13]
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2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Odtot _ O(psV)) Za(psrvj)
Jr

— = j =1,2,3 (cartesian).
P "ox; ot Bx; J ( )
1
We can couple this to the Poisson equation: 4 Gprot = quﬁtut
1ot (R,2) 0/0t =0 —Fgp =0¢tot/OR —F, = 0¢10t/0z
1 8 OF,
—4 ot = — —(RF,
mGpror = 5 ap (RFR) + 57
AT G0t (2) = zdla(RF)—Q—F()F( )
™ tot(Z) = z ROR R z\Z z\—Z

150 |- B

ot
g 100 o b
e —

[Mon! Bidint '12] = ztwa *

[Moni Bidin+ '12, Bovy & Tremaine '12, Moni Bidin+ '14]
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2. LOCAL METHODS

150 |

2(z) (M, pe?]

o

S

I

o 1
[Moni Bidin+ '12]

80

Z [kpe]

GRV [km s™" kpe™"]

20
T

[Moni Bidin+ '14]
MIGUEL PATO (OKC STOCKHOLM)

Z [kpc]

160 - -
>
140
correct N
+hpenioc = 2 kpe D
120 | /I/
offect of 2% = 0 ~Z T
10|  approximation -
Pr =7 4 T
S0 ﬁ/ correct 2% — 0 1
approximation
6o | S G 1
incorrect 2% = 0
a0 Lo ]
approximation
20
0 1 2 3 T 5
[Bovy & Tremaine '12] Z [kpc]
O e e !
=8
BT12 Y
o L -
M
'EDMZS q
o L -
~
Pow=2__ ]
o L - -
-1 - /szo 1
oy = —— =l - T I
1 1.5 2 2.5 3
[Moni Bidin+ '14] Z [kpc]
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2. LOCAL METHODS

In a galaxy star encounters are rare and stars feel on average the smooth gravitational
potential. We can therefore treat a set of stars as a collisionless gas and apply the
collisionless Boltzmann equation, whose first momentum gives the Jeans equations:

Odtot _ O(psV)) Za(psrvj)
Jr

— = j =1,2,3 (cartesian).
Ps 6XJ 8t 6X,’ J F ] ( )
1
We can couple this to the Poisson equation: 4 Gprot = quﬁtut
1ot (R,2) 0/0t =0 —Fgp =0¢tot/OR —F, = 0¢10t/0z
1 8 OF,
—4 ot = — —(RF,
mGpror = 5 ap (RFR) + 57
A GYyot(2) = zdla(RF)—Q—F()F( )
™ tot(Z) = z ROR R z\Z z(—Z
= H}N\&:
N s %
v e
< T
=

h

5 g 4
[Bovy & Rix '13] 7 (spe)

[Bovy & Rix '13, Loebman+ '14]
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2. GLOBAL METHODS

Stot = ¢bu1ge + ¢disc + ¢gas + ¢dm

o 10% pEr— T T T — T T T T T T — T T T T —]
o K 1 . ]
ﬁ L . + rotation curve data ]
E Fro o O 1 baryonic bracketing 1
= Fy | ]
S o BE 2 2 2 1
| : L We = wbaryons + Wam ‘ ]
1 —_| t
L 1 — ]
1 H 1  —
T Al e
10 : il : N W< ] | \ ‘
[ 1 ‘ T~ ‘ ]
L 1 [ ‘ i
F 1 \ 4
F 1 \
L1 1 ]
1 1
Ly 1 ]
1, 1
| 1£ 1, |
|:3 12
T 19
13 I"o
P A P B [ P R RS B
5 10 15 20 25
R [kpc]
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2. GLOBAL METHODS pam « (r/r) ™ (14 r/r) 747 exp(~2((r/1r:)* — 1)/ )

> 2 T s 7 T
2 gen. NFW, r,=20kpc | & ] Einasto, r,=20 kpc
318f { Zoof | 1
3 s
= g
S16f { Sosf 1
g
s /
14 1 @0.7F ! B
/
12F i osf Y 1
b 1 osf |
0.8 1 0.4F b
0.6 1 0.3f 1
04r 1 0.2r 1
0.2 1 0.1 1
| | | |
0 08 1 0 0.2 0.4 0.6 08 1
p, [Geviem’] p, [Geviem’]
o T @ T
§ gen. NFW, r,=20 kpc ﬁ Einasto, r,=20 kpc
E £
2 2
2 2
5 5
2 B
g g
g g
— — — -
I I I | | I | I
0 0.2 0.4 0.6 08 o 0.2 0.4 0.6 0.8

[ [Gev/cm’]l [ [Ge\//cmﬁ1
[MP, locco & Bertone '15, 1504.06324]
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2. GLOBAL METHODS pam o (r/rs)™ (L +r/rs) ™7, exp(=2((r/rs)* — 1) /)

NFW:  po = 0.4207%92% (20) £ 0.025 GeV/cm®
Einasto: po = 0.4207591% (20) £ 0.026 GeV/cm?®

o T 4 T
H gen. NFW, r=20kpc | 3 Einasto, r,=20 kpc
€ £
B 2
8 8
— — — -
| I | | | I | |
02 04 06 08 1 02 04 06 08 1
p, [Geviem’] [ [GeVviem?]
[MP, locco & Bertone '15, 1504.06324]
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2. GLOBAL METHODS ram o (r/r) (1 + r/r)~%7

T
gen. NFW, 1,=20 kpc
representative baryonic model |

inner slope y
eoe

o

T

16F ]
14 1
12 ]
i 1
Ve, 226 ks
o8 N\ ]
06l 2056 s normatsaton 1
spiral arm systematic:
04 ]
02f 1
. | . .
o 0.2 04 0.6

1
p, [Geviem’]

T
gen. NFW, 1.=20 kpc
masers only representative baryonic model -

/s(avs only 3]

inner slope y
e e
P
e

.

s

N
T
L

0.8 1
/qas only

0.4 1

0.2 B
binned analysis

I I I I

0 0.2 0.4 0.6 0.8

S
o, [Geviem’]

[MP, locco & Bertone '15, 1504.06324]
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2. MODIFIED

a
# (7) 2=
ao

lim pu(x) = x
<1#( )
pata() =

MIGUEL PATO (OKC STOCKHOLM)

NEWTONIAN DYNAMICS

a0 ~ 10710 m /52

[Milgrom x3 '83]

l =1
Jim #(x)

H{x)

spiral galaxies

wait, what about MoND?

0.2
solar system
. X X ll 2 3 4 5 6 7
/vlem( ) I+x [Bekenstein '07]
NGC 3198
LI NN BN L B A B B
150 |- .
@100 - .
B L ]
\&/ i
> 50 : - _
P ]
PO P B I I I N
0 5 10 15 20 25
[Gentile+ '11] r (kpC)
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2. MODIFIED NEWTONIAN DYNAMICS

a
# (7) azew
ao

a— Rw

2
c

Hstd (X) = m

a0 ~ 10710 m /s> g
[Milgrom x3 '83]

anN = Rw%

/*‘sim(X) = ﬁ

H{x)

0.8

0.6

0.4

0.2

spiral galaxies

solar system

wait, what about MoND?

1 l 2 3 4 5 6 7
[Bekenstein '07]
z10?
= u:usm u:usxm
10 1 1
s S0
1F el =
1 I L I x10° 151 ' 1 1 I I
0 04 06 08 PR 0.2 [ 06 08
o s ay /s
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2. MODIFIED NEWTONIAN DYNAMICS wait, what about MoND?

2 H{x)
pl—)a=an a0 ~ 10710 m /s> : iy --
ao - -
0.8
[Milgrom x3 '83]
0.6
2
an = wa
0.4
spiral galaxies
0.2 27

) #sim(x) = ﬁ

solar system

l 2 3 4 5 6 7

[Bekenstein '07]

P P

8 8

3 « Ry=8.00 kpc, v,=230.00 ks, V., =12.24 kmis H 3 o Ry=8.00 kpe, v,=230.00 ks, V,

5 v 6.00 ks [ v Ry=T.98 kpe, v,=214.44 ks, V,

3 N 5.25 kimls V5 & Ry=7.98 ke, v,=236.94 ks, V,

£ o 6.00 km/s H £ o R,=8.68 kpc, v,=235.53 kmis, V,

£ o RE8.68Kpc, v, 25819 kls, V,, 0525 kmis | R} o R=8.68 kpe, v,=258.19 ks, =05.25 kmis |
101 MR I I | I x10° ;01 k] I | | x10

0.2 0.4 06 0.8 1 0.4 0.6 0.8
a, [mis’] a, [mis’]

[locco, MP & Bertone '15, 1505.05181]
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2. MODIFIED NEWTONIAN DYNAMICS wait, what about MoND?

a
ao

a0 ~ 10710 m /s>

[Milgrom x3 '83]

H{x)
1

0.8

0.6

2 _ 2
a — Rwg ay = Rwy
0.4
spiral galaxies /
0.2
solar system
1 l 2 3 4 5 6 7
[Bekenstein '07]
e 2 T T
o o fiducial model |
o 18F o fiducial model II E
g baryonic bracketing
= 16f — (@10 s 1
— - u (@=10" mis))
14 1
12F E
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06 1

0.4 1

0 ! ) 1 1 I 1 e 3x10°
0.1 0.2 0.3 0.4 05 0.6 7
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2. GALACTIC PARAMETERS

240

230

220

210

200

Reid & Brunthaler '04 (SgrA*)

Q,,,,=30.24+0.11 km/s/kpc
— Vg,=12.24 km/s
—— V;,=05.25 km/s.
Veun=26.00 km/s
— Vg,,=15.60 km/s

%

benchmarks Nature Physics ° .
® V.,=12.24 kmi/s
+ V,,=05.25 km/s
Vn=26.00 kmis * proposed benchmarks
+ V,,=15.60 km/s
L L L L 1 L L L L 1 L L L 1 L L L L I
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FUTURE DIRECTIONS?

T
gen. NFW, 1,220 kpe
representative baryonic model

Gaia fact sheet

2013-2018

A =320 — 1000 nm

109 stars G < 20 mag
parallax £10 uas

proper motion +10 uas/yr
radial velocity =1 km/s

=868 kpc
Vi=258 45 ks

[MP, locco & Bertone '15]

-
(ol
(=}

Qort constants:

- ] N )
100 - = =3 (2 -v) B=-1(g+v)
; . é Hipparcos:
Lo * . . J A= +14.82+ 0.84km/s/kpc
0 gl S R °~= B = —12.37 4 0.64km/s/kpc

Gaia will improve proper motions, radial
velocities and parallaxes by a factor 10-200
wrt Hipparcos.

|
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[!f\l[f\'\k

(kpp—(uesint—vycost) /d) /cost
o
o

—100

1
[Feast & Whitelock '97]
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