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Dwarf Sphermdal (satelllte)
~ \ gaIaX|es

* Famtest galaxms in the
?known Unlverse' , : L

® ] "
N, Extreme DM densities !! 1 03 < /Lot < | 07

ff:;*ngh mass-to Ilght ratlos.
10'< M/L <1000 © - .

" *Old metal poor’ stellir
pruIatlons .
0.1 . < age/Gyr < I2

.*-No gasx

*

e

| *No rotatlon (pressure- :
B \WValker+09 supponted) '
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The inner structure of dSphs

Hydro N-body sims. of DM halo profile of dSphs

dSph formation # unaffected by baryons =
(Sawala+10; Parry+11)

(SF/feedback tuned to reproduce
scaling relationships) (different codes + SF/feedback recipes)
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The inner structure of dSphs

10k /2 /1. 2
frc>32( L m/s) (e_V) pcC

o

Constraints on DM particle
mass comparable to those from
Lyx forest

Can we measure ppm(r)?
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The inner structure of dSphs

stars = mass-loss tracers of the
DM potential
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The inner structure of

X*
X*
X*
x*

stars = mass-loss tracers of the
DM potential
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The inner structure of

Jeans equations

M--8 Py li( -2) ﬂv2 GM(r)
., degeneracy !! . g=+05 D dr Vv - a—

r r?

R, .—=0.3r,
p,=0.14 M,/pc®

¢ D.5
logyo R/ Ry
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The inner structure of

Jeans equations

1 d, - ﬂv2 GM(r)

= 2
vdr(vv )

r r?

* KK K

Gilmore+07
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DM cusps or cores?

Walker +09

Unknown B(r)

750 1000 O

T 0570 Unknown M(r)

e.g. Battaglia+08;Walker+09

1000 1250 0
|
Ursa Minor -

4_7‘.

Can we break
the degeneracy?

1000 1250 0 250 500 750 1000
R |pc]
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THE IDEA

Walker & Penarrubia (201 1)
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THE IDEA

Walker & Penarrubia (201 1)

M -- B degeneracy breaks at R=Rpif
Penarrubia+08; Walker+09; Wolf+10; Amorisco & Evans 2010

Rhalflight Rstellar limit

0.0 0.5 1.0
Wolf+ 10 Physicol Radius [kpc]

M (Ryaif) = pRpas(oy)?

1~ 480Mope tkm ™2™ (Walker+09)
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THE IDEA

Walker & Penarrubia (201 1)

Some dSphs show
spatially + kinematically
distinct stellar components

M -- B degeneracy breaks at R=Rpif
Penarrubia+08; Walker+09; Wolf+10; Amorisco & Evans 2010

Sculptor dSph

Rhalflight Rstellar limit

0.0 0.5 1.0
Wolf+10 Physical Radius [kpc]

M (Rhalf) ~ MRha]f <O-V > 2 Tolstoy + 04 (see also Battaglia+08)

1~ 480Mope tkm ™2™ (Walker+09)
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THE IDEA

Walker & Penarrubia (201 1)

Some dSphs show
spatially + kinematically
distinct stellar components

M -- B degeneracy breaks at R=Rpif
Penarrubia+08; Walker+09; Wolf+10; Amorisco & Evans 2010

Sculptor dSph

VLT/FLAMES Scl dSph

10° Rhalflight Rstellar limit
0.0 0.5 1.0
Wolf+10 Physical Radius [kpc]
0.5 1
2 Elliptical Radius (degrees)
M (Rhalf) ~ MRha]f <O-V> Tolstoy + 04 (see also Battaglia+08)

1~ 480Mope tkm ™2™ (Walker+09)
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THE IDEA

Walker & Penarrubia (201 1)

log M %

log R
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THE IDEA

Walker & Penarrubia (201 1)

log M X

log R
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THE IDEA

Walker & Penarrubia (201 1)

log M

dM = dmppar dr

PDM X r—1

PDM X CONST. e
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Method

Walker & Penarrubia (201 1)

MCMC algorithm to separate 2 stellar components +
MWV foreground contamination

N, le
o Ny TT | WR)pr1(R)pv,i (Vi)pw 1 (W) | w(R:)pr2(Ri)pv,2(Vi)pw: 2(W))
L v WS = [f1 g Tl py iRz i,

(1—-f1— f2)ﬁMW,R(Rz’)ﬁMW,V(Vi)ﬁMW,W’(Wy;/)-‘

Spatial sampling
correction: Gill+88

0 50 60 1¢ ~ >
L ouU bl Q0 20 30

R [arcmin]
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Method

Walker & Penarrubia (201 1)

MCMC algorithm to separate 2 stellar components +
MWV foreground contamination

Newmpie| &) _ Nt r (R i)PR, 1(R )pm(V)pW/,l(W{) w(R)pr,2(Ri)pv,e(Vi)pw: 2 (W)
({Rz,‘/;,W} S)_ Z];[1 [fl fO pRl R)dR ‘|'f2 fooow(R)pR,Q(R)dR

(1—-f1— fQ)ﬁMW,R(Rz‘)ﬁMW,V(V;L)]aMW,W’(Wi/)-‘

Priors (|4 free parameters) .

mem = (N4y*N,) / (N+N,+Ny) Fraction of dwarf members
*fsw2 =N, / (N,+N,) Fraction of stars in comp. 2
Di (R) |74 W) = DR.i (R)pv’i (V)pW,i (W), * Mhait2 Half-light radius of comp. 2
*Tharr 1/ Thaif 2 Ratio of Half-light radii
o <W.> Mean spectral index of comp. 1
2R /r? 1
: (R) _ /Ti o« <W,> - <W,> Spectral index difference
Plummer prof: PR (1 X RQ/TQ)Q * Oy Spectral index dispersion of comp.1
g * Oy Spectral index dispersion of comp.2
* Oy Velocity dispersion of comp.1
. . _ * Oy» Velocity dispersion of comp.2
Gaussian pvi and pw; * g Proper motion in R.A.
* Us Proper motion in Declination
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Tests

Walker & Penarrubia (2011)

Synthetic data sets:

B r\ . oo, TP o Plummer:
=) PG | (@BY)= 25.0)
r —YDM o ana (ypMm—BpMm)/apMm
R
pmM(T) = po . (TDM) (@By)om = (1.3.1)
L* 1., 2/ 2\ 2
Opsikov-Merritt DFs Q=E+ 9,2 = 5[1)7,. + (L +r=/r2)v;] + U(r)
1@ =y [ o0 W where polr) = (1477 r2)olr) m},te,.ﬁa.
\/§7T2 Q dU? U—-Q \
2 2 stellar density
B=1-— oy T r<<r, [B=0 (isotropic)
i 02 N r2 4 72 r>>r, B=I (radially anisotropic)
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Tests

Walker & Penarrubia (2011)

log,, dN/dR

TABLE3
TESTS ON SYNTHETIC DATA: GRID OF INPUT PARAMETERS FOR
DYNAMICAL TEST MODELS

saseses P BT,
core /CUSp

Profile Parameter values considered

o, (km/s)

Stellar Subcomponent (Eq. 15)

LTY]‘?YY]Y

0.10,0.25,0.50,1.0,1.5
2
4,5,6

r./rpy=0.25 3

a, (km/s)
'trYIJI“r‘!TH]
T RN ST RN Y

-4

Dark Matter Halo (Eq. 16)

r./rp=0.50 3

-
o
\
-
-
A
N
a
e

ALy I LA T"'I LA

TTTITYY
4

I | Yl‘,.

e Combination of parameters= 60 dynamical models.
e Combination of 2 comp.=

o, (km/s)

For each dynamical model 10 realizations with:
* 1000< N;+N2+Nmw<3000

*0.4< (N+N2)/(N1+N2+Nmw)<0.9

*0.0< (KW2> - <W,>)/A <0.25

LA AL ] (W L TY?Y Ll RAARS LAAA |

a, (km/s)

o
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Tests Isotropic Anisotropic

Walker & Penarrubia (2011)

TABLE3
TESTS ON SYNTHETIC DATA: GRID OF INPUT PARAMETERS FOR
DYNAMICAL TEST MODELS

Profile Parameter values considered

Stellar Subcomponent (Eq. 15)

0.10,0.25,0.50,1.0,1.5
2
4,5,6
0.1
I,00
Dark Matter Halo (Eq. 16)

et
-l

064

O
=
[
X

0
1
1
3

.1

~
-l

e Combination of parameters= 60 dynamical models.
e Combination of 2 comp.=

ikeliho

For each dynamical model 10 realizations with:
* 1000< N;+N2+Nmw<3000

*0.4< (N+N2)/(N1+N2+Nmw)<0.9

*0.0< (KW2> - <W,>)/A <0.25

E(lOg M)=|Og Merue - |Og Mout

-1.0-0.5 0.0 0.5 -0.5 0.0 05 1.0

( T, \ /M \ ( T \ /0 \
£ \ln(}'o[ v :\r'volhl." Mgon]/l t \l")(}'.:)[" :‘rnorb’." Mg,m]/.
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Tests

Walker & Penarrubia (2011)

TABLE3
TESTS ON SYNTHETIC DATA: GRID OF INPUT PARAMETERS FOR
DYNAMICAL TEST MODELS

Profile Parameter values considered

Stellar Subcomponent (Eq. 15)

r*/rDM 0.10,0.25,0.50, 1.0, 1.5
Qs 2
B 4,5,6
Y * 01
ra/Ts 1,00
Dark Matter Halo (Eq. 16)

Po / (M ® pC—3) 0.064
rpm/kpe 1
apM 1
Bpm 3
VDM , 1

e Combination of parameters= 60 dynamical mod
e Combination of 2 comp.=

For each dynamical model 10 realizations with:
* 1000< Nj+N2+Nmw<3000

*0.4< (N+N2)/(N1+N2+Nmw)<0.9

*0.0< (KW2> - <W,>)/A <0.25
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Tests

Walker & Penarrubia (2011)

TABLE3
TESTS ON SYNTHETIC DATA: GRID OF INPUT PARAMETERS FOR
DYNAMICAL TEST MODELS

Profile Parameter values considered

Stellar Subcomponent (Eq. 15)
0.10,0.25,0.50,1.0,1.5
2
4,5,6
0.1

I,00
Dark Matter Halo (Eq. 16)

064

0
1
1
3

.1

e Combination of parameters= 60 dynamical models.
e Combination of 2 comp.=

For each dynamical model 10 realizations with:
* 1000< N;+N2+Nmw<3000

*0.4< (N+N2)/(N1+N2+Nmw)<0.9

*0.0< (KW2> - <W,>)/A <0.25

Test results: Slope of mass profile tends to
be slightly under-estimated
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Results

Walker & Penarrubia (201 1)

14-parameter MCMC fit

* Fornax, Scuptor: 2 comp.
are clearly separated

 Carina: single component

We recover published data on:
proper motions

mean velocity dispersion
averaged R,

mean metallicity

L=
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Results

Walker & Penarrubia (201 1)

40 | — 40 | —
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N = 1497 spectra Neample= 2603 spectra
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Results

Walker & Penarrubia (201 1)

l | | | l | | |
-__ I'=2 (cusp)

R I'=3 (core)

Fornax

| | |

l
o

. »,
log,, [Rhalf] (pc)

N = 1497 spectra = 2603 spectra

sample sample
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Results

Walker & Penarrubia (201 1)

Sculptor

__ _ _ Fornax

0.08

Po NFW
<T/TDM> o [1 ) (T/TDM)O‘DM] (Bovi—om)/amn) 96% 999

PDM —
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Results

Walker & Penarrubia (201 1)

Springel+08
Sculptor

__ _ _ Fornax

0.08

<«

dlog(p) / dlog(r)

d = 1473 kpe \ . d = 189.4 kpc
M, =620E+09 M Ny M., =S 8IE404 Mg
V.. =479kms B\ V.. =525kms’

-
S
S
)
2
o
—_
Q
S
)
2
©

Po

(o)™ 1+ epronge]|

PDM — - o [
Bon—ypM) /D) satellites

99.98%
99.999%

Thursday, 21 July 2011



sSummary

* 2 out of 2 dSphs show DM cores

* This measurement appears not to be easily accommodated within
CDM (sawala+10; Parry+11)

* Tantalizing case for WDM (Bode+01: my~10 kev) 7?77

Future Work

|. Inspect model built-in assumptions (e.g. triaxial DM halo; Ncomp™>2)
2. Increase the sample of stars with measured radial velocities in
Fornax (L/Lsoi ~107) and Sculptor (L/Lsol ~10°) dSphs

3. Fainter (L/Lsoi ~10°--10°) candidates for holding multiple stellar
populations:

Draco, Canis Venatici, Ursa Minor, Leo | and Leo I
And |, Il and VI
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