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Dark Mattgr : '.

BN ® 847 of the matter is Dark(DM)
0F '-f ® DM interacts through gravity.

B% ® Further DM interactions unobserved so far,
Such couplings must be very weak, much
weaker than weak interactions.
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~N-Body Simulation on Cold
Dark Matter

~In Varlous cusmologlcal N-body s1mulat10n

~the A Cold Dark Matter (ACDM) model

preform WeIl gspemally on the large scale
structure (e g Mlllennlum Run 2005)):

‘ Max’anck Instltut fur Astrophys1k (2005)
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- N-Body Simulation on Cold
Dark Matter

. Colllsfonless o ’ Y
0y . | : -;- . '..‘ '4 “’
o Idem'lcal pd’r"rlcle mass

° Extr'emely heavy (~10 7 solar' mass)

' Mg}x’anck Instltut fur Astrophys1k (2005)
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V (km s-1)

Controversies on Galactic Scale

-- Comparison of Numerical Simulation & Observational Data

Missing Satellite problem
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EOSP/CORE DENSHEE
PROFILE

* Observation [pseudo-isothermal

(PI)]: Core structure 100
i small core -~
p 10 | big core - R
0
ppi(r) = o o
g oot}
EO 0.001
* Simulation [NFW T
604 |
profile]: Cusp structure o
605 |
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r/ kpc

6 T. Goerdt et al. (2006)



MISSING PHRYSICS IN
SIMULATION!?

Jk( ﬂveritein

'HE
MISSING
PIECE

* Property of DM?

* Dynamical? [N-body only
consider gravity]



PROPOSED SOLUTIONS

DM Model solutions

Fuzzy/y(Wave-like) Dark
Matter (Hu et al. 2000)

Warm Dark Matter (Turok
et al. 2001)

Self-interacting Dark
Matter (Spergel et al. 2000)

Dynamical solutions

Supernova-driven outflows
(F Governato et al. 2010)

Bar-driven dark halo
evolution (MD Weinberg et
al. 2002)

Gravitational Slingshot?



YDM SIMULATION @ NTU

nature AASw
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Dark matter as a coherent

quantum wave
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Cover of Nature Physics (2014) Dr. Hsi-Yu Schive & Prof. Tzihong Chiueh



PROPOSED SOLUTIONS

DM Model solutions

Fuzzy/y(Wave-like) Dark
Matter (Hu et al. 2000)

Warm Dark Matter (Turok

et al. 2001)

Self-interacting Dark

Matter (Spergel et al. 2000)

o

Dynamical solutions

Supernova-driven outflows
(F Governato et al. 2010)

Bar-driven dark halo
evolution (MD Weinberg et
al. 2002)

Gravitational Slingshot?



GRAVITATIONAL SLINGSHOT

 The slingshot effect has been used effectively by NASA to send spacecraft to  §
t outer edges of the solar system. This phenomenon can be satisfactorily |
$ cxplained by Newtonian physics.
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Star frame

® Sphere of Influence
[SOI]

Deflection

e Easy to solve the
deflection angle

GM
Oien = 2tan! ( 5 ) .

SOl

b=

Trajectory

® [No Energy Gain 1n
this frame! |



Lab Frame w

® The frame where we
observe slingshot.

/ /
w cos, =uycosly, +V

/! . / .
w sin @, = uq sin 6;,

u' cos b, = u' cos(0, + @) = Uz cos oy +V

Y A / / L :
w sin 0, = u'sin(0;, + ¢g.;) = Uz Sin Oy



Lab Frame w

® The frame where we
observe slingshot.

AEsling mu V[COS(Hout) o COS(@;R)]

1
AEsling — §m[|u2|2 — ’U1’2] — m(ul‘/COSein T v2)(1 o COS¢&€]¢)
dE fbl:f bdb [ dQip AE 1,00 dE My V*Q

dt f”mow bdb [ dy, | dt T

bmin
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EINALOGUE: ELASTSS
COLLISION

* Slingshot is similar to elastic collision and
scattering

wal
V
’ mass mass=m
U - “©-
<_ — —
Ivelocityl = Ivelocityl = v
- p=my, p=my,
2U + v _ -
A. Before coll B. After collision
| —— —————————




ANALOGUE:
PARTICLES INA BOX

o light gas(H, orHe)
@ ‘medium” gas (N, or CH,)

@ heawy gas (CO,)

Temperature: measure of average
kinetic energy of molecules.

300K

@, 150K

‘\,

PN
z& A

]
X
o
o
b )
b
=

» slower average speeds
* heavy gas molecules Higher Temperature:
move slower than lighter + faster average speeds
gas molecules + heavy gas molecules
slower than lighter
SekoT move
V. asmolecules
gas M gas g
ﬂ‘r

|_i g h_t O bj e C_t gO e S fas-te r! credit: astronomynotes.com
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MEAN FREE PATH

E=—on

Where ¢ is the mean free path, n is the number of target particles per
unit volume, and o is the effective cross sectional area for collision.

In our case, the n is the number of stars per unit volume, and o is the
effective surface of influence of a star for slingshot.
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MEAN FREE PATH

L 2
o = mwbs .

We set bmax = min(bc; N3 ), the smaller of either
(1) the Coulomb distance bc where the stellar
potential equals the mean galactic potential, or (2)
the mean interstellar distance n"/>.



MASSIVE STAR & SLINGSHOT
e (on)"’

Ogeq = 2tan™! (

* [ he more massive tfe

object Is, tne more eGSR
the slingshot effects the
distribution of DM.

* For example, the Fepuleiel

20

Il star has mass arelnasiEs
solar mass, and they may
turn Into a 40 solar mass BH
when they died. (Abel et al.
2002, Zhang et al. 2008)



e cVOLUTION OF i
DENSITY PROFILE

e Circular orbit model

» Dark matter will move to
nigher orbits as time evolve |
'due to slingshot].

Orbits of Solar system.

Credit: NASA
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[ime evolution of DM density

0.15F

M, [Mg]|Vi,uy [m/s][no [pc™7]| Re[kpc]| T [years]
early MW | 100 10° 10 0.2 1010
late MW 1 10° 10° 0.2 10"2
early dwarf| 100 2 x 10* 0.5 0.1 10?
late dwarf 1 2 x 10* 50 0.1 10!
oMo —
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Chen, Duh, Labun & Lin (2014)




OTHER IMPLICATION

Answer: Collisionless Cold Dark Matter halos do not exist

Summary of the Too Big To Fail problem:

Expect 5-40
.' subhalos with
Vmax =25 km/s

(from 44 simulations)

* Missing Satellites Problem

ViielT)

Garrison-Kimmel et al. in prep

15 From HGD cosmology, these
dSph galaxies are clumps
of dark matter PGCs that

diffused away from the
protogalaxy center when
their dark matter planets
froze and the PGCs
became nearly collisionless

» loo Big To Fail Problem

Note: All stars form by dark matter planet mergers within their PGC clumps

M Boylan-Kolchin et al. (2011)
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SUMMARY

» Slingshot effect is not resolved in N-Body simulations due to:
(IResolution limit (2) The absence of stars in many
simulations.

* Works (DM) model independently. Slingshot may alleviate the
cusp-core problem.

* WIll change the DM distribution function at early times.

» Slingshot effect may also provides a natural mechanism to
alleviate other CDM small scale problems.

Dl



