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- Cold Dark Matter
- Warm Dark Matter

- Fuzzy Dark Matter
(Hu et al. 2000, Hui et al. 2016)

- Self-Interacting Dark Matter
(Spergel & Steinhardt 2000)
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Nature of-dark matter

Constramts from astrophys,les

Large-scale constraints

e.g. CMB,Lya

- Small-scale constraints

e.g.
-Number of satellite galaxies
-Dark matter density profiles of galaxies: cusp-core
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Nature of-dark matter

Constramts from astrophysms

Large-scale constraints

e.g. CMB

- Small-scale constraints

e.g. Number of satellite galaxies,
dark matter density profiles of galaxies: cusp or core
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AL | T T rrrrrrey T T rrrrrrey T T mrrrrrey

— Cored halo
— Cuspy halo

ICAP June 2018

r|kpc|

10°
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Nature ot dark matter

.CUSp, Or core

- Cold Dark Matter Cusp

- Warm Dark Matter

(Colin et al. 2000; Bode et al. 2001) Core

g Fuzzy Dark Matter Core
(Hu et al. 2000; Hui et al. 2017)

- Self-Interacting Dark Matter Core
(Vogelsberger et al. 2012)
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A Cusp or core i
Observaﬂons of dark matter r|ch dwa-rf gaIaX|es

o Globular cluster
o Dwarf galaxy

Credit: ESA/GAIA DR2
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A Cusp or core i
Observaﬂons of dark matter r|ch dwa-rf gaIaX|es

o Globular cluster
o Dwarf galaxy

Credit: ESA/GAIA DR2
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Cusp or core ?

* Kinematic data
(Jeans modeling,
simulations, ...)

e Globular cluster
data (positions,
masses)

Credit:
ESO/Digitized
Sky Survey 2




Cusp or core ?

* Kinematic data
(Jeans modeling,
simulations, ...)

* Globular cluster
data (positions,
Mmasses)

Credit:
ESO/Digitized
Sky Survey 2




Cusp or core ?

Kinematic data
(Jeans modeling,
simulations, ...)

spatial distribution
and masses of Fornax
globular clusters

Credit:
ESO/Digitized
Sky Survey 2




e "Smkmg of gIObuIarclusters
' - Dynamical friction:

(Chandrasekhar 1323)
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_Dynamical friction* -

p(r)Mg, -
PP 6e
Ve

den

The timing problem

(Chandrasekhar 1323)
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_Dynamical friction* -

Cusp or Core ? (Chandrasekhar 1323)
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" PrevioUs works ©
107 " \\

106

2

Halo
composed of
particles
+

GC (single
large core (LC) .
—— weak cusp (WC) partIC|6)

—— intermediate cusp (IC)
steep cusp (SC)

Cusp T Core
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w pmrn S AL Rl R Ty

r+rg)(r? + r?
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Two solutions to the timing problem
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Two solutions to the timing problem

Large Core
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Two solutions to the timing problem

Large Core

A steady-state
solution
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Cole et al. 2012
Two solutions to the timing problem

Large Core Weak Cusp

A steady-state
solution
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~ Previous works *

Two solutions to the timing problem

Large Core Weak Cusp

l

A steady-state An evolving
solution solution
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e Globular cluster point mass
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 Globular cluster point mass = NO mass loss
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 Globular cluster point mass = NO mass loss

* No stellar component
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How to improve simulations ?

 Globular cluster point mass = NO mass loss

« No stellar component ===  Unrealistic model
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How to improve simulations ?

 Globular cluster point mass = NO mass loss

« No stellar component ===  Unrealistic model

Dynamical friction

&
Tidal effects
are not properly taken into account !
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'?.R';

densﬂy prOfne;~ of Fomax

Liarge Core (Plummer) | |

S

Weak Cusb (Hernquist) ™ ‘

r [kpc]
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‘body simulations
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Time: 0.00 Gyr

(Gadget Vlewer)
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lee N bédy smufa’uons
Tidal.forces: ikimaues i, !

Time: 2.2 Gyr

(Gadget Vlewer)

ICAP June 201 8 Fornax the ¢ cusp-core brbblem ._:_'t-:'-f"?'l'; .;_-‘_5-' 86



Free parameters forglobular clusters. I

-Initial. rad|us

* Initial radial distance of globular clusters

* |nitial globular cluster mass
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Free parameters forglobular clusters. I

-Initial. rad|us

* Initial radial distance of globular clusters

:’ Rt ~ 2 kpC
. (Walker & Penarrubia
' 2011)

* |nitial globular cluster mass
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Free parameters forglebular elusters. 1

-~ initial mass:
(Larsen et al. 2012) Stellar mass Metal-poor stars
Fornax field 3.82 x107 Mo 44.9 x105 M.
5 Globular clusters  9.57 x105 Mo 8.81 x10° M.
Fraction

ICAP June '26.18 | “Fornax: the cusp-core breb‘l'e.m __jj"-:



Free parameters forglebular elusters. 1

-~ initial mass:
(Larsen et al. 2012) Stellar mass Metal-poor stars
Fornax field 3.82 x107 Mo 44.9 x105 M.
5 Globular clusters  9.57 x105 Mo 8.81 x10° M.
Fraction 2.5 %
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Free parameters forglebular elusters. 1 &

-~ initial mass:
(Larsen et al. 2012) Stellar mass Metal-poor stars
Fornax field 3.82 x107 Mo 44.9 x105 M.
5 Globular clusters  9.57 x105 Mo 8.81 x10° M.
Fraction 2.5 % 19.6 %
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Free parameters forglebular Clusters. S N

-~ initial mass:
(Larsen et al. 2012) Stellar mass Metal-poor stars
Fornax field 3.82 x107 Mo 44.9 x105 M.
Globular cluster 9.57 x10° Mo 8.81 x10° Mo
Fraction 2.5 % 19.6 %

Globular clusters were initially more massive !
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GC1

GCO2 |

GC3 ¢

GC4 |

GOD |

Weak Cusp (r, = 1.5 kpc)

B Large Core (r, = 1.5 kpc)
i b Bl Small Core (ry = 0.5 kpe) ||

M; [10°M ¢ |

(Boldrini, Mohayaee & Silk 2018, in prep)
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Weak Cusp (r, = 1.5 kpc)

B Large Core (r, = 1.5 kpc)
Bl Small Core (r, = 0.5 kpe) |
Small core
favored=C2 |
‘'3 |
Cuspy proﬁ?e

ruled out, |
GC5 |

M; [10°M g |
(Boldrini, Mohayaee & Silk 2018, in prep)
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A constraint on the core radius

— Large Core (r, = 1.5 kpc) - = Tiny Core (r, = 0.1 kpc)

— Small Core (r, = 0.5 kpc)

p(r) [M o kpe ]

M(r) Mg |

rikpc]
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A constraint on the core radius

— Large Core (r, = 1.5 kpc) - = Tiny Core (r, = 0.1 kpc)

— Small Core (r, = 0.5 kpc)

p(r) [M ¢ kpe ]

M(r) Mg |

rikpc]
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A constraint on the core radius

— Large Core (r, = 1.5 kpc) - = Tiny Core (r, = 0.1 kpc)

— Small Core (r, = 0.5 kpc)

p(r) [M ¢ kpe ]

M(r) Mg |

rikpc]
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A constraint o ihe core radius

— Large Core (r, = 1.5 kpc) - = Tiny Core (r, = 0.1 kpc)

— Small Core (r, = 0.5 kpc)

re<0.282 kpc

0.5 1.0 1.5 2.0 2.5 3.0

rikpc]
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mplications of the nafure of DM

Our result

WDM
(Strigari et al. 2006)

FDM
(Zhang et al. 2018)

SIDM

(Zavala et al. 2013)
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mplications of the nature of DM

Our result

WDM
(Strigari et al. 2006)

FDM
(Zhang et al. 2018)

SIDM

(Zavala et al. 2013)

CDM

ICAP June 2018 . ~'Fornax: the cusp-core pfc?b]ém X

re<0.282 kpc

rc < 85 pc for Fornax

rc > 500 pc for Fornax

Cusp +Gas heating (?)
100 <r. <300 pc
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Increasing simulation resolution (GPU)
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Increasing simulation resolution (GPU)

Testing Steep cusp or Tiny core
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Increasing simulation resolution (GPU)

Testing Steep cusp or Tiny core

Running simulations for all the 5 globular
clusters
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— Small Core (r, = 0.5 kpc) - - Steep Cusp (r, = 0.1 kpc)
—  Weak Cusp (r, = 1.5 kpc)

p(r) [M o kpe ]

M(r) Mg |
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QO
oF
A4, 10
S~
M —— Weak Cusp
0.5} —— Large Core |’
th —— Small Core
A T=0Gyr
B 7=11Gyr
OO - . | l l ] ] ]
1 2 3 4 5 6 7 8

Mege [10°M g |
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M|

DM density profiles
012 , S— ———
A e f Weak Cusp T=0 Gyr |]
1011 ] Weak Cusp T=11 Gyr |_

Large Core T=0 Gyr |
10791 Large Core T=11 Gyr
| Small Core T'=0 Gyr

Small Core T=11 Gyr

109;

108;

107;'

106 |

10° |

10|
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Globular cluster obseryations

Credit: de Boer & Fraser 2016

n (deg)
logo(N)

Object Mass 'l Ry Distance
[10°Mo]  [pc]  [kpe]  [kpe]

dSph 1420 668 - 147 + 4

GCl1 0.42+0.10 10.03 1.6 147.2 + 4.1
GC2 1.54 £ 0.28  5.81 1.05 1432+ 3.3
GC3 498 +0.84 3.54 0.43 1419 + 3.9
GC4 0.76 £ 0.15  2.41 024 140.6 + 3.2
GC5 1.86 + 0.24  4.18 1.43 1445+ 3.3

r [kpc]

aelel

- GO3

GC2

GCs
Gen

0.5

1.0 1.5

D, [kpc]
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Globular cluster obseryations

Credit: de Boer & Fraser 2016

n (deg)
l0g1o(N)

Object Mass Fi Ry Distance
[10° Mol [pe]  [kpc] [kpc]

dSph 1420 668 i 147 + 4

GCl  042+0.10 1003 1.6 1472+4.1
GC2 154+028 581 105 1432 +323
GC3 498+084 354 043  141.9+3.9
GC4 0.76+0.15 241 024 140.6+3.2
GC5 1.86+024 418 143  1445+33

1t GC4 GC?2
T G L4

0] GCh
Gen

0.5 1.0 1.5

D, [kpc]

Ms=44.9 5.3 x10° M.
Mg=8.81+£0.92 x10° M.
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Globular cluster obseryations

Credit: de Boer & Fraser 2016 1wl GO4 s

n (deg)
l0g1o(N)

GC2

GCs
Gen

1.0 1.5

D, [kpc]

= 4 S
Object Mass Il Ry Distance MS 44'9 - 5'3 X1 0 MG)

[10° Mp]  [pc]  [kpc] [kpc]

dSph 1420 668 - 147 + 4 Mqo=8.81 +£0.92 x10° M,
GCl  042+0.10 1003 1.6 147.2+4.1 g

GC2 1.54 £ 0.28  5.81 1.05 1432+ 3.3
GC3 498 +0.84 3.54 0.43 1419 + 3.9

GC4  076+0.15 241 024  140.6 =32 Age > 10 Gyr

GC5 1.86 + 0.24  4.18 1.43 144.5 + 3.3
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~ Cold Da

_1_

loglo Ppum [M@p0‘3]

|
N

-2.5
- |

| 4

T | T T T T T - r -
o Simulation T2 ]

sl Tg=300K

My = 1.1x107 M, | Mg=7.6 x107 Mo \

1.5 2 | 2.5 |
log,o I [pc]

(Nipoti & Binney 2013) |Fc < 0.282 kpcC

' | ! ! ! ! | T T T
Simulation T3 |

T4=3000 K

2.5 3

log,o r [pc]
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\:body simulations -

* |nitial globular cluster mass

Low mass

Mi=1.71 x10° Mo ||Mi= 3.47 x10° Mo ||Mi=8.67 x10° Mo

* |nitial globular radius

Medium mass High mass

e 0.24 < Dp < 1.6 kpc

e Rt~ 2KpcC
(Walker & Penarrubia
2011)
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p/ Po

— NFW

Hernquist

101 10° 101

r [kpc]

ICAP June '2b4,18 | “Fornax: the cusp-core bf?b‘ié,m E.a

101

10 |

— Core(a, 3,7)

—  Plummer

b
10°

r lkpe

10




