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* Introduction
= Turbulence vs. the flow of dark matter: similarities and differences?
= Inverse mass cascade in dark matter flow
= Random walk of halos in mass space and halo mass function
= Random walk of dark matter in real space and halo density profile
= Energy cascade in dark matter flow
= Umniversal scaling laws from N-body simulations and rotation curves
= Dark matter properties from energy cascade
= Uncertainty principle for energy cascade?
- EXtending to Self'interaCting dark matter hydrodynamic turbulence and its applications”
0 Velocity/density correlation/moment functions http://dx.doi.org/10.5281/zeno0do.6569901
= Maximum entropy distributions for dark matter
= Energy cascade for the origin of MOND acceleration
= Energy cascade for the baryonic-to-halo mass relation
= Energy cascade for SMBH-bulge coevolution

Relevant datasets are available at:
"A comparative study of dark matter flow &



http://dx.doi.org/10.5281/zenodo.6569901

racific _ Correlation/moment functions from N-body sim.
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Table 2. The velocity correlation functions of different order
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Dynamic relations
(for different order p)

Kinematic and dynamics relations for vel. correlation

For constant
divergence
flow

For
« irrotational
flow

Kinematic
relations

« (for same
order p)
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On large scale, velocity correlation (exponential): applying kinematic relations for irrotational flow

T,(r.a)=ag oxp(-r/r)ca L, (r.a)=ayu exp[_r_][l__j = R (r.a)-au exp(__](s__j
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r
density correlation R, (r,a) = a0u2 exp _r_ 3 _r_
2 2

(exponential):
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107 F

T

——— {(r) from N-body Sim.

~ oi(r) from £(r) using Eq. (27)

ssnns (1) from model Eq. (33)
926{1) from modal Eq_ (35)

= = -Linear theory  Jenkins A.,
= = :Nonlinear theory et al., 1998

Current model captures the
correlation on large scale
better than previous theory
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Model from 2/3 law
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Increase of velocity dispersions with r for r<r, (pair of

particles are more likely from same halos) is mostly due

to the increase of velocity dispersion with halo size.

Second moments of velocity field
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All even order reduced structure functions follow
two-thirds law:
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S| Review on how to derive maximum entropy distributions (Boltzmann distribution)

Assume the distribution of one-dimensional gas molecule velocity is some unknown function X(v)

J-OZOX(V)dv:l

and

I

&= Two constraints on X(v): normalization and fixed mean kinetic energy

X(v)e(v)

3 3

dav :—kBT 250-3

2

. Write down the entropy functional with Lagrangian multiplier:
lnX a,’v+/11 (f X(v)dv —1)+12/E,Eo"')’(’(v)5(v)

Taking the variation of the entropy functional wi/thzré's’f)ect to distribution X:

sLx(v]=-] x

Particle energy:

g(v):3v2/2

L}

a’v—éo'2
7 % ) This is the key to

be identified for
dark matter flow

5S(X(V)) =—lnX(v)—1+ﬂq+izg(v)k;O =) X(v)ocexp(ﬂ,2v2) Boltzmann

oX

Maxwell-Boltzmann

p distribution for speed:
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¢—

!

Distribution for E
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/ g ¢
2 0
( ) 7200 0'0
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Deriving maximum entropy distributions in dark matter flow (X distribution)

Two constraints on X(v): Particle energy:
- » 3 3
J-_OOX(V)dv:I and j_wX(V)g(V)dVZEkBngag

Write down the entropy functional with Lagrangian multiplier:

S[X(v)]:—jj:OX(v)lnX(v)dv+ﬂ1(j_iX(v)dv—l)Jrl

This is the key

Taking the variation of the entropy functional with respect to X:

5S(X(v)) 1 —Ja2+(v/v(>)2
=—InX(v)-1 A 0 L
SoX n (V) A4+ 2‘9( ) — X( ) 2o, K (a) The X distribution
;+ 2 distribution Z(V) ) 1 —\/a +(v/v )’ E distribution for e o 7/2 .

for speed: Bl K, ( Vo \/a v/vo - particle energy: E(g):—3(n+2) oK ()7

42
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Gaussian core for M <V,

Exponential wings for v‘ >,

Maximum entropy distributions in dark matter
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Exponential
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e The X distribution
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0.4 035
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velocity scale v,
or an acceleration scale a, ®

g, Ca,"?

\

The X distribution with different shape parameter a
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u /st d{uL}

Comparison with N-body simulation

2 4
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—Ja? +(v/v, )2

{I | ] ] ] |
1 e X( ) 3 3
g(v) = ~ 05 Fm
2av, K (a) Xjov\ 2 ———
. ‘ -1 =~ - -
= 2 -
Particle 3 2) 5 | 1% ast T o =
& energy: 5(")25(“';)"0 a +(;] )
25k
Gaussian core for M <V,
Inner halo, 3}
3(, 2 , Vv , | 4= Newtonian =15
g(v)zz 1+; v F5 |V behavior > :z:g
*[ -] 3

Exponential wings for M >,

g(v) z%(l+gjvovocv

n

a5k == =N-body simulation

Outer region of halo, =] 2
= non-Newtonian =, o ; - ; - .
behavior vla,

Comparison with N-body simulation

] 2
Deep-MOND* for particle energy £(v)

44
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= Empirical Tully-Fisher relation: = In kinetic theory of ® .

Flat 1/ observed gases, molecules e @ @ ¢
rotation Vf C Mb @ haryonic undergo random elastic ® ’ ® .-
speed mass collisions with a short- e @& @

» MOND (Milgrom 1983) is an empirical model to range of interaction. ® - ¥e

reproduce flat rotation curve without dark matter. Only velocity fluctuation, e

oy no fluctuation of
" -10 2 Critical MOND : .

acceleration . .
acceleration vanishes

F=ma a>>a, Newtonian T \
2 2 R e
F=ma|a,ca” a<<a, DeepMOND _ PN Y
) = The long-range gravity S &? ‘ |
2 . - ’:-‘ﬂe, :A_/Y\._d‘/\,/: _\l \_\§:L\ /
GMm (vf / r) GU 1/4 in dark matter flow leads |‘v” RS A R Y
2 M = v, =(GMa,) to fluctuations in M @ :).,/f' ‘:
0 . . " AN BN [T R )
acceleration, in addition A | vy B N
. . . PR @R AT
= What is the origin of MOND acceleration? to the fluctuation in Voo Q\:;‘:-J,/,x
= What is the origin of deep “MOND”? velocity. D R

_____

= Could MOND be an intrinsic property of dark

Long range: nonvanishin
matter flow in CDM cosmology? g rang 9

and fluctuating acceleration s
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Acc fluctuation leads to distribution of acceleration

ESingle mergers —— z=00 ——=z=03 z=20
: T ———z=00 ---z=03 =20
r =01 ——z=10 ——z=30
' Shpm =01 —=-=z=10 ===-z=30
~3 =03 ——z=13 =50

=03 ----z=13 =50

Halo particles

Proper

TTerT =TT

hp

Acceleration distributions in dark matter

Time variation of acceleration fluctuation (DM only sim.)

1|:]- 3 N LR AR R RERL . .
af std
o34 —6— (ﬂhp)
/ —a—std(a )
107 F td N
: Compute 5 (ﬂup)
B o darc —ostda) |
' deviation :
10710 £ <«——d ]
o 0
=z o halo particle acc.
= a out of-halo particle acc. |
101 E ap: all particles acc. |
A, ay haloacc
012 L / .
112 a, « t'"2 decreasing with time, |
distinguish ACDM and MOND? |
1D_13 e M SR S | il i
107 107 107 10 10°

d 46
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Assume g, is the typical acceleration scale of fluctuation, I - t(9 )= L
= U is the typical velocity scale of fluctuation, 8, is the angle of incidence. -~~~ N -..\CO ( ) 3z

$ = = The rate of energy cascade in terms of ay, u and 8, :

gu — _arur — _aO (a)COt(gur )l/l (a)COt(gur) Confirmed by
R - 21 2 simulations,
= _ 2&, 27y Yo 34 -2 arXiv:2206.04333
ao(a)_ (37) u 4 7, y x1 « arXiv:1712.01654
gt what about
— — The rate of energy cascade: observations?
: 3 u? 3 ug 9 5 5 m*
~x———=———2 =—_Hu- =-4.6x10
Ty T, g JE In Earth’s
= ,‘ atmosp_)3her2e. 3
~ a,(a=1)~200Hu, ~12x107"° m/s’ g, =107 m’[s

== Potential connection with dark energy??

= |deal gas pressure P (N/m?) «c temperature

T « velocity fluctuation

, 5 Milgrom coincidence/
2 2 2 /2
Ac” _ 3z [(3”) g”] — 37 ayH, oc Lo « (A/3) = DE density (N/m?) < a,? o< acceleration

O, = = a(z=0)~c
* SrG 2G U, 2 GH H 0( ) 2 fluctuation (implies an entropic origin?) .,
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How to compute the angle of incidence?

107 |

Redshift dependence of acceleration fluctuation a,

The time variation of a,

—B— MDAR | |

L distinguishes ACDM and MOND? —6—RAR
| L*n:t'”2 -
x t
:afm or t'l
/ RAR: Rotational

";Iﬂ'i;;i CZO (:LZ:)

Agree with hydrodynamic simulations

4 Gm ,‘ﬂL
mp = SHrhﬂLp = Veir = T# Hry, 5 = = 3mu,.
= | Critical density A 2 2 18 =
| ratio: C = f(ﬁsl} -"T U 10"
u 1 g
cot (Bur) = —— = fs2 = o= :
N Veir * 3m =
5
S
Finally, our Model predicts: 210710
=L b ~(3a) a1
2 u u

1[]—‘1‘1

Acceleration Relation

/

3-3;4 or t

-1/2

- Magneticum simulations:
| (http://www.magneticum.org/ )

https://doi.org/10.48550/arXiv.2206.04333
MNRAS, Vol 518 Pages 257-269

Acceleration Relation

MDAR: Mass Discrepancy|

107
Scale factor a

10°
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Fluctuation of acceleration introduces a scale of acceleration a,
Deep MOND for baryonic particles with acceleration a,<<a,
Consider baryonic mass in a one-dimensional dark matter fluid

with a velocity fluctuation v, and acceleration fluctuation a,
(Similar to Brownian motion)

2
ldvp — v dvp —aV =q.v. =—& « Constant rate of
2 dt P dt prp 7070 u Energy cascade

Maximum entropy distribution:
particle kinetic energy ¢, is
proportional to velocity when

Er (v) =V, «

‘ a,<<a, (deep-MOND)
Power (Joule/second) of baryonic mass: ,
de V a
— _ K _ 0 _ _p 2
Fv,=m, —> F =m,—a,=m, —*~oa,

[ v, a,

The origin of deep MOND behavior?

particles

. Baryonic
mass

Baryonic mass immersed in DM fluid
subject to external force F,
(two miscible phases)
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