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‘Milky halo’ Spri A rich galaxy cluster
72008 halo Gao et al. 2012
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Navarro et al. 1996

Resolution=~ 10000 Paticles per halo



NFW v.s Einasto

Gao et al. 2008

1e5 particles

per halo

aisafreepara  Ngvarro et al. 2003
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Wang et al.
. 2020, Nature
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Subhalos > 30 porlicies
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The missing satellite problem
S AE =

K
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Moore et al. 1996
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Core/Cusp problem
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CDM, SUSY
Earth mass

HDM, neutrino
Rich clusters

BN Fure HotDark Mattey | /DM, sterile ne
B Mixed Dark Matter Dwarf galaxies
BN Fure Cold Dark Matter

Length scale (Mega parsecs)
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Cored Reduces low mass halo abundance

To solve cusp/core problem To solve MW satellites problem



100.0F 3
within 280 kpe |

10.0F

dh /dit,

1.OF

Benson et al. 04 '
2.1

0 -5 10 =15 =20
My, [mag]

Koposov et al. 2008

FHBEBRS, MHRSIEF,
INEETOEREE R

RINRDEEZR TR0 /A

Maccio et al. 2010, SAM

WDM does a good job too!



Missing satelites problem
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Apostle simulation Sawala et al. 2016



Fine-grained Phase Space Density Bound

 Warm dark matter candidates, e.g. thermal relics,
their moment distribution follow a Fermi-Dirac
distribution (Tremaine & Gunn 1979).

g 1
27h)3 epe/Tp + 1

fFD(p) = (

 We can derive the density

gy d3p gmﬁ: / 3
—m, xn= I < d
p= e X 1= o )3 / ere/To + 1 = 2(2718) | 1

e upper bound of fine-grained phase space density is
_ gm;
Jrp = 2(27h)3"




Maximal coarse-grained Phase
space density estimation

Assume central region of warm dark matter halos
have a pseudo-isothermal profile

,O(T) — pofr 271 °
1+ ()2
Central density, core radius and velocity dispersion is
related as Sk e
RN 7ol

Coarse-grained maximum phase space density as

o R ! !
0 (2wo2)3/2  (2m)5/2G|o 12|
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Application to real data

 ““Assume the stellar and dg;gk matter component has the same
core radius in dSphs .,'\)*

fo = Po — 705 Mg /pc? km/sec 1pc 2
0 (211'0'2)3,.:'2 . (km 8_1)3 o ~ -
(11)

For the pseudo-isothermal profile, its projected surface density
S(R) can be written as:

v s 2 241/2 — SoTe
S(R) = / IR + %) 7ldz = e (12)
where R is projected radius, Sy = mwpor. is central surface density.
Hence the half projected surface density r; can be related to half
density rc as, rh = \/érc.
By requiring fy < frp,mass bound for thermal relic Fermi-
Dirac particles can be written as

oC

6(27h)>

7)5/2gGor?

mep > 2 (13)

¢) 0000 RAS, MNRAS 000, 000-000




o i o[k /s| JolMzkpe=3(km/2)73] mpplkeV]

(1) (2) i3) i4) (5)

dSphs from Gifmone et al. (2007)

Sextans 630+£170 66423 2607700 .107° 026975 D1k
Fomax 400+ 108 105+27 4.2005%.10-9 0.301+5:972
Leol 330+100 B8+24 7.367140°-10-¢ 0.34675- 17
Ursa Minor W04 93+28 8427143 .10-0 0.855+0-0w
Carina 200+72 68x16 12371 t2.10-3 0.3947 0018
Draco MWixl6 9516 1527005 . 108 0.4157 5 0
Bootes 24628  6.51%) 1705570 - 102 0.4327 5050
Sculpsor 160 £40 101£03 27377510708 0,480 17
Leo Il 18548 68107 3.087)5-107" 0.483%0 0%
dSphs from Simon & Geha (2007)

Canes Venatici | B64+36 T6+22 2027)77.100 p.2vs ot
Lirsa Major | 318t 7624 9a7rtiil-10-0 0.366 5 05k
Hercules 3307% 2 Al+24 LeTToo-1070 0.38770 01
Leo T 178+89 75427 287715 -1070 0.4p07F 0 L0
Ursa Major 11 14025 67+26 5377 0a-107" 0.56870 Lad
Leo IV g3t 33+28 1587 50.1071 0.74610-570
Coma Berenices | TT+10 4.6+23 2587133 104 08431052
Canes Venatici 11 411 4624 280739 -10 086075538

Table 1. Parameters for dSphs compiled by Boyarsky et al. (2009 (column 2-3). f; is the maximal coarse-grained phase space density bound given by oor
model (column 4). m e is the mass limit for thermal relic warm dark matter particles.



VWDM mass bound
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« ~0.5kev, Mgy ~ 10'?Mg , can not make dwarfs!

« WDM can NOT account for Dwarf cores

Shao et al. 2013
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Too big to fail problem

Vicak = 30kms i

Vitee [k /s

4 3l ®  [Papastergls & Shankar 2016

5 -'I. o ¥
! #  Classical MW Satellites ¥ Classical MW Satellites
8 0.2 0.4 0.6 0.8 1.0 | "u 1 2 3 4 5

v kpe| r[kpe|



Too big to fail

Seems not a problem
In some Hydrodynamic
simulations

Swala et al. 2016
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EIRA—EIEF = WIMP
%%%ﬁﬁwm%m
Wimps, Axions (2REHIRER)

Sterile neutrino , gravtino GEREYI &)
Self-interactive dark matter
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Lya ps constrains on WWDM mass

Quasar
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Lya ps constrains on WWDM mass

Difference in Flux PS mostly ; 4’

seen on high z, at which both i, W
data and simulation are |

more uncertain

Simulation boxsize
Different Hydro-dynamical

0.01
solver Or: 2.5kev k(sikm)

Viel et al. 2008
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DAMPE results

« Cosmic ray (e~ and e”*+) energy power
spectrum

* Atentative 1.4 TeV peak

Flux (m= s~ ar' GeV®)
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i H.E.5.S. (2009) ' [.) - | {
501 - AMS-02 (2014) A feh
i —4— Fermi-LAT (2017) + 4”
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10 100 1,000 10,000
Energy (GeV) (DAMPE Collaboration, 2017)



FHE= A BN Z E HT B IR

The perturb.on a Einstein ring with subhaloes at differen
t position:The cleanest way to detect very low mass
subhalo.



& 1d M & Einstein Ring#t 1 8 F 45
F2 b 151 S BR i) P 40 B 14

Vegetti et al.2012

subhalo of
1e8 Msun

1.  model the system with smooth density(host halo mass distribution)
2. model the residual(subhalo)
3. calculate the significance of subhalo detection

Li et al. 2015
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Gao & Theuns, 2007 Science
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