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1. The quest for dark matter in the Universe
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rotation curves cosmology

large-scale structuresBullet Cluster
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2. Dark matter density from rotation curves
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BULGE (density ~ const)

DISK (mass ~ 0)

HALO (velocity ~ const)

Let’s do the exercise of 
computing the (approximate) 

behaviors of such components…
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∇2Φ = − 4πGρ(r)

v(r) = −r
dΦ
dr

Poisson equation

velocity curve
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3. Dark matter density from stellar 
kinematics
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Jeans analysis!
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n* [ d

dr (n*v2
r )] +

2
r

βani(r)v2
r = −

G [MDM(r) + M*(r)]
r2
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βani(r) = 1 −
v2

θ

v2
r

M*(r) ≈ 0

velocity anisotropy DM domination (if verified!)

n* = n*(r)

luminosity profiles



∂f (6N)

∂t
+ ⟨∇f (6N), w(6N)⟩ = 0
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∂f
∂t

+ ⟨v,
∂f
∂r ⟩ − ⟨∇ϕtot,

∂f
∂v ⟩ = 0

ϕtot = ϕ + ϕext

∇2ϕ = − 4πG∫ℝ3

fd3v
{Liouville equation

collisionless Boltzmann equation

∂
∂t (ρvi) +

∂
∂xj

(ρvivj) + ρ
∂ϕ
∂xi

= 0

∂ρ
∂t

+
∂

∂xi
(ρvi) = 0{

Jeans equation (any symmetry)

1
n* [ d

dr (n*v2
r )] +

2
r

βani(r)v2
r = −

G [MDM(r) + M*(r)]
r2

spherical Jeans equation

w = (v, − ∇ϕtot)
no co

llis
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Instead of seeing this… …we actually see this!

x’

y’ 
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Kirby+ 2015

⟨μ⟩ ∼ 0.2 ÷ 0.5 mas/yr

σμ ∼ 𝒪 (10−2)  mas/yr
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Σ*(R) = 2∫
+∞

R

n*(r)r

r2 − R2
dr σ2

proj(R) =
2

Σ*(R) ∫
+∞

R [1 − βani(r)( R
r )

2

] n*(r)v̄2
r r

r2 − R2
dr

2D observable: 
surface luminosity

2D observable: 
velocity dispersion

Parametrization: 
light profile

Parametrization: 
DM density profile

Parametrization: 
velocity anisotropy profile

ρEin
DM(r) = ρse

− 2
α [( r

rs )
α

− 1]

ρZH
DM(r) =

ρs

( r
rs )

γ [1 + ( r
rs )

α]
β − γ

α

n*(r) =
n*s

( r
r*s )

γ* [1 + ( r
r*s )

α*]
β* − γ*

α* βBvH
ani (r) =

β0 + β∞ (r /ra)η

1 + (r /ra)η
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n*(r) =
n*s

( r
r*s )

γ* [1 + ( r
r*s )

α*]
β* − γ*

α*

Σ*(R) = 2∫
+∞

R

n*(r)r

r2 − R2
dr
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n*(r) =
n*s

( r
r*s )

γ* [1 + ( r
r*s )

α*]
β* − γ*

α*

Σ*(R) = 2∫
+∞

R

n*(r)r

r2 − R2
dr

Qpttjcmf!joejdbujpo!

pg!ibmp!bopn
bmjft!

)f/h/!ujebm!ejtsvqujpo*
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ρDM(r) = ρ̃DM [ψ(r), r] = f(ϕ)g(r) ⇒ βani(r) = −
1
2 ( d ln g

d ln r )



4. The case of dwarf spheroidal galaxies
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2⟨𝒯⟩ + ⟨U⟩ = 0

3m*σ2
r =

GMtotm*

R

Mtot =
3Rσ2

r

G

m* ≈ 1 M⊙ → M* ≈ N M⊙ ⇒ Ltot ≈ N L⊙

10 ≲ ( Mtot

Ltot )
meas

≲ 1000( Mtot

Ltot )
theo

=
M*

Ltot
≈ 1

expected measured
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velocity dispersion dominated by DM vel. disp. dominated by tidal forces

σr =
GMDM

3R
σr =

2GMMWR
3D2

GC



5/!Uif!dbtf!pg!exbsg!tqifspjebm!hbmbyjft!

Gpvsui!dbwfbu;!evf!up!wjfxjoh!eTqit!uispvhi!NX!ejtl!,!ibmp-!xf!
tff!uifn!jo!uif!cbdlhspvoe!pg!Hbmbdujd!tufmmbs!qpqvmbujpot"

Gsbodftdp!H/!Tbuvsoj!!!!!!!!!!!!!!!!!!NBHJD!EN!Xpsltipq!A!Cbsdfmpob!!!!!!!!!!!!!!!!!!312:!Kbo!27

MW MW



5/!Uif!dbtf!pg!exbsg!tqifspjebm!hbmbyjft!

Ofdfttjuz!pg!sfnpwjoh!)tubujtujdbmmz!tqfbljoh*!uif!gpsfhspvoe!NX!
tubst!gspn!uif!eTqi!ebub!tbnqmf;!

!!!!!!!!!!.!hp!up!iuuq;00npefm/pct.cftbodpo/gs0!up!sfusjfwf!b!tjnvmbufe!
!!!!!!!!!!!!ejtusjcvujpo!pg!gpsfhspvoe!dpoubnjobout<!
!!!!!!!!!!.!dpnqbsf!uifn!up!uif!ebub!vtjoh!bo!fyqfdubujpo!
!!!!!!!!!!nbyjnj{bujpo!)FN*!bmhpsjuin!)f/h/-!Xbmlfs,!311:*/

Gsbodftdp!H/!Tbuvsoj!!!!!!!!!!!!!!!!!!NBHJD!EN!Xpsltipq!A!Cbsdfmpob!!!!!!!!!!!!!!!!!!312:!Kbo!27

pmem (vi, Wi) =

exp − 1
2 [ (vi − ⟨vmem⟩)2

σ(v)2
mem + σ(v)2

i
+ (Wi − ⟨Wmem⟩)2

σ(W )2
mem + σ(W )2

i ]
2π [σ(v)2

mem + σ(v)2
i ] [σ(W )2

mem + σ(W )2
i ]

pBes (vi) =
1

NBesσBes 2π

NBes

∑
i=1

exp − [v(i)
Bes − vi]2

2σ2
Bes

pnon (vi, Wi) =
pBes (vi)

2π [σ(W )2
non + σ(W )2

i ]
exp − (Wi − ⟨Wnon⟩)2

2 [σ(W )2
non + σ(W )2

i ]

Implement the above equations 
into an iterative algorithm and run…

http://model.obs-besancon.fr/
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R* = a* 1 − e re = ( x
a )

2

+ ( y
b )

2

+ ( z
c )

2



5/!Uif!dbtf!pg!exbsg!tqifspjebm!hbmbyjft!

Bttvnjoh! uibu! fwfszuijoh! xpslt! gjof-! zpv! foe! vq! xjui! b!
qptufsjps!ejtusjcvujpo!pg!zpvs!cftu.gju!qbsbnfufst!xijdi!zpv!dbo!
vtf!up!dpnqvuf!zpvs!K0E.gbdups!qspgjmft"

Gsbodftdp!H/!Tbuvsoj!!!!!!!!!!!!!!!!!!NBHJD!EN!Xpsltipq!A!Cbsdfmpob!!!!!!!!!!!!!!!!!!312:!Kbo!27



5/!Uif!dbtf!pg!exbsg!tqifspjebm!hbmbyjft!

Bttvnjoh! uibu! fwfszuijoh! xpslt! gjof-! zpv! foe! vq! xjui! b!
qptufsjps!ejtusjcvujpo!pg!zpvs!cftu.gju!qbsbnfufst!xijdi!zpv!dbo!
vtf!up!dpnqvuf!zpvs!K0E.gbdups!qspgjmft"

Gsbodftdp!H/!Tbuvsoj!!!!!!!!!!!!!!!!!!NBHJD!EN!Xpsltipq!A!Cbsdfmpob!!!!!!!!!!!!!!!!!!312:!Kbo!27

2−10 1−10 1
  [deg]intα

1510

1610

1710

1810

1910

2010

2110

]
-2

)  
[G

eV
 c

m
in

t
α

D
(

CLUMPY v3.0 (http://lpsc.in2p3.fr/clumpy)

RetII

median

68% CL (from pdf)

95% CL (from pdf)

2−10 1−10 1
  [deg]intα

1610

1710

1810

1910

2010

2110

2210

]
-5

 c
m

2
)  

[G
eV

in
t

α
J(

CLUMPY v3.0 (http://lpsc.in2p3.fr/clumpy)

RetII

median

68% CL (from pdf)

95% CL (from pdf)



5/!Uif!dbtf!pg!exbsg!tqifspjebm!hbmbyjft!

Jt!uijt!nfuipe!tubcmf@!Ju!efqfoet!po!ipx!mbshf!uif!tufmmbs!tbnqmf!
jt!)tfwfoui!dbwfbu*/!/!/!

Fybnqmf;! uif! K.gbdups! qspgjmf! bt! b! gvodujpo! pg! uif! jotusvnfou!
joufhsbujpo! bohmf! gps! uif! vmusb.gbjou! eTqi! Usj! JJ! )tbnf! tufmmbs!
tbnqmf!cfgpsf!boe!bgufs!sfwjtjpo!pg!nfbtvsfe!wfmpdjujft*/

Gsbodftdp!H/!Tbuvsoj!!!!!!!!!!!!!!!!!!NBHJD!EN!Xpsltipq!A!Cbsdfmpob!!!!!!!!!!!!!!!!!!312:!Kbo!27

binary star
total sample dimension: 14 stars 

revised sample dimension: 13 stars
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5. Summary
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