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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
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Content of universe

= Dark matter: 85% of the total matter.
* Dark matter flow (DMF): the widest presence in the

universe. dark matter 26.1%
* Hydrodynamic turbulence: the most familiar flow 1n
our daily life.
= What are the similarities and differences? atoms 4.5%

dark energy 69.4%

During the pandemic, we find a time to think about and
leverage this comparison for better understanding the
nature of dark matter (DM) flow and DM properties.

today

© Encyclopaadia Britannica, Inc.
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No definite answer.
What it should not be? What it should be?
= No electric charge = Non-baryonic

No color charge (strong interactions)
No strong self-interaction

No fast decay: stable and long-lived Dissipationless (optically dark)
Not any particles in standard model Sufficiently smooth with a

of particle physics fluid-like behavior

Cold (non-relativistic)
Collisionless

What is the nature of dark matter flow (DMF)? A special example of
non-relativistic, self-gravitating, collisionless fluid dynamics (SG-CFD)

Might be a new opportunity for fluid dynamics contributing to the dark
matter mystery, the biggest quest of contemporary astrophysics.
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Zwicky: Discovery CMB fluctuations ACDM as the
@ of galaxy cluster Rubin: Discovery from COBE standard
velocity of flat galaxy Confirms CDM cosmological
'~ ~1000km/s rotation curves prediction model
= 2003-
2o Discovery of Cold Dark Matter Evidence for Dark WMAP and LSS
the CMB (CDM) model Energy and data Confirm ACDM
proposed; accelerating expansion: predictions
MOND theory; Type la supernova

2013-

COBE: COsmic Background Explorer (NASA) 2018
= \WMAP: Wilkinson Microwave Anisotropy Probe (NASA) | | Webb  Planck data of
g™ | SS: |arge Scale Structure (LSS) of the universe Discovery of ~ James Ve ancidata o
=" CMB: Cosmic Microwave Background dark matter Space  CMB anisotropies
ACDM: dark energy + cold dark matter (double dark) particles?? Telescope C%?Z;EQ\O%ZM

Planck: European Space Agency (ESA)
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Run Q A h r o L(Mpe/h) N, mp(MG/h) [z (Kpe/h)

SCDM1 1.0 0.0 05 05 051 2395 256  2.27x10% 36

= N-body simulations carried out by the Virgo consortium.
https://wwwmpa.mpa-garching.mpg.de/Virgo/data download.html

Standard CDM power spectrum (SCDM) with matter-dominant gravitational flow.

Dark matter only simulations

= Similar analysis can be extended to other cosmological models and hydrodynamic simulations.

All relevant datasets for this work are available at http://dx.doi.orq/10.5281/zenodo.6569901



https://wwwmpa.mpa-garching.mpg.de/Virgo/data_download.html
http://dx.doi.org/10.5281/zenodo.6569901
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Prandtl “mixing-

Boussinesq’s length theory” for KolmModorov: Kraichnan’s inverse
concept of “eddy eddy viscosity the “K4 1gtheor. § cascade in 2-

viscosity” replacing Richardson 5/3 | y dimensional
molecular viscosity “energy cascade” i aw turbulence

= Vinci: Reynolds number Taylor’s statistical Lorenz propose

__ Earliest for transition from methods involving possible links
& recognition of laminar to turbulence; correlations power between
8 (urbulence as Reynolds’s spectra; “deterministic chaos”
&= aphysical decomposition (RANS)  Karman and Howarth and turbulence
== phenomenon V=<vy>+V

Reynolds stress;

What can we learn from
nats RANS: Reynolds-averaged Navier-Stokes Equation; turbulence?
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E~ da Vinci sketch of turbulence: plunging water jet

b= = “turbolenza”: the origin of modern word “turbulence”
= The pattern of flow with vortexes in fluid
* The random chaotic nature

“ ..the smallest eddies are almost
numberless, and large things are
rotated only by large eddies and not
by small ones, and small things are
turned by small eddies and large.”
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“Big whorls have little whorls, That feed on their velocity;

And little whorls have lesser whorls, And so on to viscosity.”

C (T /“7 /’m
QQ< )( ‘PQ

e DQQOOCOCOOOD || amgye
iy acceoonoDaCo00S00000ed |

Vv
Dissipation of

N
(a) | (b)

Cascade: energy is injected on large scale, propagating across
different scales, and dissipated on the smallest scale.

(a) : Cascade of energy, (b) : Lewis Richardson

[1] "Weather Prediction by Numerical Process®, Richardson, L.F. 1922

Key attributes:

Disorganized, chaotic, random;
Nonrepeatability (sensitivity to
initial conditions);

Multiscale: large range of length
and time scales;
Dissipation mediated by viscosity;

Three dimensionality;

Time dependence;

Rotationality (incompressible);
Intermittency in space and time;

10
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I large scale ry

\ Energy

A e integral scale  contained
\ /‘ € scale

\ inertial
subrange
| © Rate of
-~ -2
15 e=du</dt cascade
- 2 dissipation
- scale

* Freely decaying vs. forced stationary
o » Integral scale: energy injection
&:dissipated . |nertial range: inertial >> viscous force
by viscosity = Dissipation range: viscous dominant

Length scale

into heat

, | = Dissipation scale: determined by kinematic
| | - (1,.3 )” 1 viscosity (m2/s) and rate of cascade (m?/s3)

k; kr kg orn np=

logk W b & Is there cascade in dark matter flow?
avenumber

Kolmogorov scale 1t yes, how does it initiate, propagate, and die?
11
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Key attributes of hydrodynamic turbulence: Key attributes of dark matter flow:

Chaotic, random; =  Chaotic, random;

Nonrepeatability (sensitivity to initial conditions); =  Nonrepeatability; Common
Multiscale in length and time scales; Non-equilibrium; =  Multiscale in mass/length/time scales; Non-equilibrium; | features
Intermittency in space and time; = Intermittency in space and time;

Dissipative and collisional = Dissipationless and collisionless

Short-range interaction = Long-range gravity Critical MOND

Velocity fluctuation
Vortex as fundamental building block
Maximum entropy distribution (Gaussian)
Incompressible on all scales . yv = ()
= Divergence-free
= Constant density
Energy cascade from large to small length scales
Vortex stretching responsible for energy cascade
= Volume conserving
=  Shape changing
=  Uniform density
Reynolds decomposition
Reynolds stress for energy transfer between mean
flow and random motion (turbulence)
Closure problem, eddy viscosity, etc...
Statistical theory: correlation/structure functions
Scaling laws in inertial range

Velocity & acceleration fluctuation

Halos as fundamental building block
Maximum entropy distribution?? (X dist.)
Flow behavior is scale-dependent (peculiar velocity)

acceleration a,?

= Small scale: constant divergence V -v =§
= Large scale: irrotational (curl-free) V xv =() This
Mass/energy cascade from small to large mass scales talk
d

Role of halos for energy cascade??

= Halos are growing, rotating, with nonuniform density

= |s halo shape changing important?

= Mass cascade facilitates energy cascade?
Velocity/acceleration decomposition?
What facilitates the energy transfer between mean flow and
random motion in dark matter??
Self-closed model (analogue of NS) ?7? Closure problem?
Statistical theory: Kinematic and dynamic relations?
Scaling laws in dark matter flow?
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Inverse mass cascade in dark

2 2
o Cw | Opg ] e

|dentify all halos of different sizes
Group halos according to the halo size n,

Mass flow across halo groups from small to large mass
scale (inverse) through the merging with “single merger”
Cascade leads to random-walk of halos in mass space

matter flow

10" _

Mass
propagation

cale-independent ¢ (a)]

Mass
deposition

Scale-dependent

o

| 7.=0.0;2=01
I 1 2 I
. _21=D.1; 22=D.3 I
0= 2,=0.3;2,70.5 I 3
—21=D.5; zfl.{} I
ol —z,71.0;2=1.5 I 1
? e I :
f —Z 1.5; Z, 2.0 !
. _21=2.[}; 22=3.D |
m.q r PR T | s Ll il
10° 10’ 10?

102
n

10*

P
Mass cascade rate 11, (my, @) (normalized by Nm,/t,)

1, (ma)=-<| M, (@) 1, (;n,m;:)dm} p I L

ot

1 Om

om, _mp Ot

Total halo mass Mass function mg: Group mass


https://doi.org/10.48550/arXiv.2109.09985
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Mass injection : —ﬁif :
* - 1|
N 1 Mh ——z=03|]
Mass | —F?g g
B , ol
w I\ propagation | =15/
= 1[:55- ) | —z=20|1
Eg | Time- : — 3.0
i independent : ,
= Mass
= g ]
z deposition |
h 104k
Gt i
]
é 10° £
10% f
1
1|]1 | F

10

Halo group mass my(my, a)
(time-independent in mass propagation range)

Halo group mass and time variation of total halo mass

10° - - e
- Millennium Simulation  goe3n
Total & , |
: halo M, (a)oa™ @/M
<"10°F mass: O :
o [ {}jﬁjﬂ@* :
= &
= o
— ot
s o0
T oM, (a) .
0 Rate of e, (a)=- D) g
cascade: Ot
, [1]1 McBride et. MNRAS, 2009. 398(4): p. 1858
o ) ) L
10" q 10°

The halo mass for type Il halos (the dominant type for

large halos, Fig. 2 in ref. [1]) exhibits a power law scaling
14
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P waiting em, @
Meroine halo time T, ‘ ‘ ’
—— erging ifrequency oC _— 4—‘ -
= for halo group: ﬁl (mh > Cl) x Sl;f:;e n, mh
= /~2/3: Exponentfor halo surface area. 1D Random walk equation in mass space (similar to diffusion):
: Characteristic om, (t m 5 l Position-dependent
§ = mergingtimefor 7, (mh . Cl) = 1/.fh g( ) =1L ( ) = \/ZDP (mh )g(l‘) diffusivity:
= halo group: ! Ty (mh) oA\ A1D (m )ocmﬂ
= kg?/s Noise s12 [7» \ 7 G
" = Characteristic # of halos in group Fokker-Planck equation for distribution function:
&= merging time
(1ife%imge) for a _‘ o, __ 9| o i( D,R,)|=D 9 m}/}i(m;}gl)
= oiven halo: Tg (mh > Cl) = n,t, ot  Om, " om, : " Om, om,,
= waiting time t ”» . .
s -t T oc | Position- Solving Fokker-Planck Eq. leads to Halo mass function:
= et g h | dependent _ :_
8 Thc cxponential _ (1 — ﬂ‘) m, 1 1 [ m,
p 1 T for (my,a)= ~EeXp| — .
w2 distribution of P ( T ) =—exp| — gr n, \m, ) m, 4n, \ m,
g " waiting time to gr - . B
merge: Ly Ly Reduce to Press-Schechter (PS) if A=2/3 !

(single A here, how about double A?)
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A: halo geometry parameter; naturally, we can have = | ' - ' - 1 .
two different A in two different ranges. | TR —Simulation
A, for mass propagation range (small halos); ot - = ;W)
= ), for mass deposition range (large halos); K -t (V)
F
B B | ; fps(y)
= (I-2A)( m, 71 1 (m, @) ! -- W
fM(mhaa): —EXp| — . - i \
' Ty \My, ) m, I 4, \m, 1 2.l !
£ Two-parameter double-A mass function: l 5 ;’
—q
| (24m) o v -4
for(v)= v exp| —— qg=—"
= '(q/2) 4n, 1- 4,
: X1 Large halos ]
& = | PS mass function (require 8¢ and spherical collapse model) ' N I B E— Y
k= = | ST model (modified PS) from ellipsoid collapse i ﬂ*
g - ' JKmass function by data fitting o
* 1From simulation g = 0.6 mp A =45 A= 2/3 log(v)
fps (v) = V%V_m exp (_3) for (v) = (1+1/(gP)\2g 1 v/ Comparison between different mass

T

C(1/2)+27PT(1/2=p) 24/v

functions and N-body simulation 16
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O -

4,
3D DM particle %@%
random walk to N

1ﬂ1l'.'l

o N rr’.: 10° ¢
form/grow halos &
Waiting time dependent on halo size r (position-dependent): EE 1o’
| A=A —~| The larger halo, the < ool
Tp(r) o< mp(r) " ocr shorter waiting time g
o = = 105
—— 3D Random  dX I
. — \V2Dp(X )€ (1). : . -
walk equation: dt wH o Ghalo  —Eq. (24) :
‘ Dp(X ;) = Dy(t)r*? F| * ViaLactea —Eq. (24) .
— ) . - - - o*t ¢ Aquarius —Eq. (24)
= Fokker-Planck equation for distribution function: o Dubinski ——Eg. (24)
= | o FIRE:DMO —Eq. (24)
For (X0 0 [0 o [ ] e
= Ot 0 C}Xi 5}{?; ™ 3 IB B 2_2)/2 Radius r (kpc)
~ D Double-y halo density profile: l z=r/rs(t) L | FIG. 2. Halo density profiles for simulated halos: 1) Ghalo

(asip) @, Reduce to [51]; 2) Via Lactea [52]; 3) Aquarius [53]; 4) Dubinski [54]; 5)
B | x=——|= af ¥ ex [__j m) Einasto if FIRE: DMO 30]. The double-y density mode] (Eq. (24)) was
’ 4ﬂr(1/05+1//3) 0=20 ! also used to fit all simulated halos for the entire range of r.
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In (incompressible) hydrodynamic turbulence:
» Energy cascade is well established
» Direct energy cascade from large to small scales (3D)
* |nverse energy cascade from small to large scales (2D)
* No mass cascade involved

In dark matter flow:

Halo mass function and density profile

)

I'(q/2) 4,
B aﬂ—(l/aﬂ/ﬁ) %_2 ) xa
oy (%)= i (aryp) g

» |nverse mass cascade from small to large scales (rate: €, kg/s)
= Mass cascade leads to the random walk of halos in mass space
» Random walk of halos in mass space leads to halo mass function (just like diffusion)

= Random walk of DM particles leads to halo density profile
= Halo density profile and mass function share the same origin.
= Halo density and mass function share similar functional form

= Both random walks involve a position-dependent waiting time (or diffusivity)

» No critical density ratio dc or spherical/ellipsoidal collapse model required

18
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o Scale- and time-independent ¢ (a)
Potential = _
Energy oo oy

flow | | \ t

<4— | '} Propagation

range
' —2,=0.0; z,=0.1
o B _ , _
5 _zl—i].I: 22—6.3
_ z,=0.3:z,=0.5
[ _zl=ﬂ.5;zz=l.ﬂ
-3 L
...... @ _zl=1.i]; zg=1.5
ez, =1.5:2.=2.0
2 2 2 2 : 1 .
Oho Oho Oho Opw | _ 2,=2.0;2,=3.0
1{|-\i " 1 M | 1 n |.|||||I-| x 1 M A | 1 1 |||a||J.I
Identify all halos of different sizes 1o° 10 1o 10° 0*
Group halos according to the halo size n, R £ Kinot Pﬂ ‘ ,
Kinetic energy flows from small to large mass scale through the ate of kinetic energy flux function ,(mj,a)
merging with “single merger” (inverse cascade) 0 © o,
Potential energy flows from large to small scales (direct cascade) I, (m,,a)= _5|:Mh (")Jmh Ju (m,mh)a (m»a)dm}
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Big whirls have little whirls, That feed on their velocity; Little halos have big halos, That feed on their mass;
And little whirls have lesser whirls, And so on to viscosity. And big halos have greater halos, And so on to growth.

| I L
\ arge scale Energy Injection at

integral scale ~gntaine Emry smallest scale

Hﬁ"« d scale <3
\ = .
inertial - ‘ q Propagation
subrange n_ é‘/-ﬁ range
& ’b,ezl
< =d1)2 2 Kinetic
% & du /dt % Energy Deposition
) dissipation S _ (inverse) range
a / scale a Potential
f 5 Er?ergy
/ £: dissipated O (direct) N
Length scale o by viscosity c—% <« Dissipated
b into heat T to grow
| | - M\ halos
| | 1/4 v '
kp kr  kgorn v :
log k Wavenumber = & Halo mass m ;
h
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Turbulence: Dark matter flow:

* Freely decaying (rate: ¢€) = Freely growing (rate: g): Virial theorem

= Direct energy cascade = |nverse energy cascade

= Vortex of different scales = Halos of different scales

= [ntegral scale: energy injection g = Collisionless, no dissipation range!

= |nertial range: = The smallest length scale is not limited
inertial >> viscous force by viscosity.

= Dissipation range:

viscous force dominant /\ /\ Hydrodynamic
AN /_\ /_\ Turbulence

= Molecular Dissipation scale Cascade (inertial range ) Integral
€ scale n=(v3/g)! scale |
& Key (€, V) (€, 1) KE
e = Constants: /‘\ /\ /\ Dark
~ OO ala /\ /_\ matter flow
. . Quantum —(n is not present for  cagcade (propagation range € deposition
- . scale dark matter flow) (propag ge £.) L rpange
o (G, &, h) (G, &, 1) (G, &4, Up) 21

Constants:
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10° o vy PSR FPTPR 0000 O SOPOUPE VPP IS U0 0 1. .
JE Cosmi Equati : K 1
y _ osmic energy Equation | |—g=K (a) o ,
¢ tH(2Kp+Py)=0 """ 1ine 1061) D (2 Potential ~ Kineic
_ y X aY<or«t |
U ——[E_(@)=K ()P (o) \ #/ |
K —_¢¢ Power-law for Peculiar '
P " kinetic energy K, 05 L \ |
7 : 3/2 ]
P =—ct Power-law for a | a _
yoo5 " potential energy P, § :
: <
2 This rate ¢, is both time and scale independent,
a fundamental constant! 04 b -
= From N-body simulation: (negative for inverse) Ug. = 354.6.kr.n/s
— x 3, 2 - t, = 13.7Billion yrs time
o t 21, S
1[]?[]_E ' e 1[;1 ' e 1['][] ] ‘;01
$ ® In Earth’s atmosphere: ¢~ 10~ mz/s3 d

The time variation of specific kinetic and potential energies
from N-body simulation. =

In Galaxy bulge: g, =107 m?/s’
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= Pair conservation equation (Peebles 1980) relates R R S 1 SR R R Rk
_- . . . . . . ] i - — _ ]
= th?/palr\mse vilomty with denS|_ty correlation &: 2l Constant h“‘"h. : Irroftlatlonal Zeldovich]
— N 1+&(r,a)) Oln(1+ & (r,a = divergence flow: . LY. approx.
uL>:_( 5( )) ( 5( )) - = "‘r‘qu:O )
Har  3(1+&(r,a))  0lna Veu = Const :
For large scale in linear regime, average correlation | 10°} :
g<<1 and 0Iné/0lna=2 I
<AML>__2§(r,a)(1+é?(r,a))N_zé?(r a) m-z;. :
Har 3(1+&(r,a)) 374 —-<Au_ /(Hr)>
= : ===] inear regime ?
For small scale in non-linear regime (red dash), 107 — -Nonlinear regime
e 2 a4 3 .
5 (r, a) “a . and 81n§/@ Ing=a Good agreement on both small and large
== | Stable <Au > : scales validates simulation data.
o &3 . 45 ! L1 g sl i1 v o1 aial i & o 1 el L& 8w
' clusterlng L =1 » a=y+3 mm-z 107! 10° 10" 102
hypothesis Har r(Mpc/h)
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— 8 Pairwise velocity: AuL:u}:—uL ur u S —
—z=0.0 =———z=210
u, u, ———z=1.0 ——z=5.0 _
= 0’ ‘ ) ———2z=0.3 ———From Eq. (8)|
- .- “ - uT I--._'.._,---""- ]
) . 2 —
2 Y (r,a)=((Au,) >:<(uL—uL) > p‘f;*-ﬂ
e Pairwise velocity dispersion (represents 232 =21 \
= the kinetic energy on scale r): CO 7T siope s
_T- : = 2 3 "/ 1[:'_1 :_ 4
Sy (r)-2u* =87 =v’ c(¢g,r) /
Kinetic  Due to collisionless:
’ 3 to the smallest
(_g )ocv_rv _ Y :V_r scale for dark
) r'orlv. r matter properties el .0 L
d 107 107" 107
I t r (Mpc/h)

Acceleration Turnaround On scale r, kinetic energy Variation of normalized reduced pairwise
time follows a 2/3 law ! dispersion and two-thirds law 24
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10!

% I 1 LI III 1 I LI I| I | L=
In propagation range, all relevant ;
quantities are determined by G, ¢, 10" & :
and scale r. This predicts: - .
1013 E E
Mass: ‘m —a PG 'r" ‘ 5/3 law 3 i :
L 10% g E
Density: p. = ,B,,gj/ 3G -4/3 law < : ;
~ 101 & E
. . 2/3 ® E E
ek v = (j/sgu) r? 2i31aw = i ]
energy: 1010 -
Time: [ oC 5_1/3 3 g ;
10°F 3
Halo mass m. enclosed in scale r can 5 | | §
] _ . ] 105 L 1 L i 111 ] 1 L 0 11l 1 ] L1 1 il
be obtained from N-body simulations 3 001 0.01 0.1 1
' _ . _ R, / [h~! Mpc]
5/3 law confirmed by N-body simulations Variation of halo core mass m, with scale

radius r, follows a 5/3 law (Zhao et al. 2009) *°
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1020

In prqpagatlon range, all relevant &/ o = e 2GH (2 ) SPARC NFW fitting |
quantities are determined by G, ¢, SEmTmr T . ‘\7.,”% = 0.01m*/kg O SPARC pISO fitting ||

and scale r. This predicts: y = i@ o(ay DMS NEW fitting

]
B DMS pISO fitting
Inverse ‘ ¢ SOFUE NFW fitting ||
erfergy cascade
Eu = +4.6 X 1077m?/s

—h

=
—_—
(&2
I

w0 four-thirds law ||

Mass: =g PG SR law

sun

‘ 0. = 12622 G 1p 12

== _-j Density: ‘,0 2/3G - 4/3‘ _4/3 law

5

Cross-section:
(%)maz — 1'2m2/kg >

—h

=
—_—
[=
I

. . 2/3
Kinetic 2 :(7/s5u)/ r3 2/3law

_': S/O
energy: Do

Halo core density p (M fkpc3)

|
I
I
I
I
I
I ..." L
I
: -1/3,.2/3 : I
Time: [, <&, r halo core o
i size 1 i |
. 10° | f : !
Halo core density p, and scale r, | r= e2G3(2)3 . }
. . n
radius can be obtained from : S e
galaxy rotation curves | Temaz = ~€uG ' Ttage  1— 1 57Mpe/h | |
10“ Liibiiil b driie b I. AT IR T A AT R AT T AR TE i I AR .}.l AT AT R N......
-4/3 law confirmed by rotation curves 10710 108 10 104 102 100 102 104

Cuspy density for fully virialized collisionless DM halos Halo scale radius r_ (kpc) 26
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In dark matter flow (DMF):

= |nverse cascade of kinetic energy from small to large scales (constant rate: €, m?/s3)
= Direct cascade of potential energy from large to small scales

= Two cascade connected by virial theorem

On any scale r, energy cascade predicts scaling laws on small scale:
(confirmed by N-body simulations and galaxy rotation curves)

Mass: m =a &e’G'r” 5/3law
Density: p, = ,B,,gj/ 3G 413 law

Kinetic V= ( ve )2/3 #2323 law
energy:

Time: [ oC 5;1/37”2/3

27
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— Two hypothesis:
= Dark matter is fully collisionless

&= = Gravity is the only interaction

= On the smallest scale:

—m,v, -1, [2="

vy =Gm, /I,

(_gu)zvif/l)(
¥

Energy cascade in DMF predicts:

Uncertainty principle

Virial theorem

Constant energy
cascade

1

.' :; Mass scale: M, (_‘9uh5/ G’ )5 ~107GeV

1
== |Length scale: [, oc(—Gh/e, )3 ~10 " m

1
Time scale: ¢, « (Gzhz/gj )5 ~107"s

3
sunfkpc )

5

Density scale p (M

Extend to the smallest scale for collisionless DM

1A m 1 light year
10% } - } ‘ .
SPARC NFW fitting
SPARC pISO fitting
8 DMS NFW fitting
1050 |- W& (Z)x = 6 x 107m? [kg B DMS pISO fitting
f & SOFUE NEW fitting
X particle mass w r,=3x 10" m, Py=3 X l{lﬂkgfm?' .
mx = (—e,G R0
1[]."[' — = 0.9 % ]{}HGEV —
Inverse
energy cascade 2/3 ~_1 —4/3
£u = —4.6 % 107 Tm? /s Pe — 1-2651:; G lr,"
Pn = EQEGS(%)_Q
1020 NN
|
|
I
0 Critical density :
107 o . =10"20ke/m> ) |
crit T‘g? = &y |
|
\ \.
1Dn llllll-lllllllllll--l -------------------------- I ............ e I LEE ) 1IL 11111111111111111 I IIIIIIIIIIIIII
1070 1070 1070 10710 10°

Length scale r_ (kpc)
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Density scale: p = m,, /l; ~5.33x10* kg/m3 4mm) Nuclear density: 10" kg/m3
s = Power scale (Joule/s): My =Myly -Vy ==&, =71.44X 107 kg - mz/ s° =0.0046¢ Vs

Energy scale: iyl [4=h/t, = lvai 10.87x10°%e)| €@ Rydberg energy of 13.6 eV for the
= i 22 ionization energy of the hydrogen atom
$=— : . m,c C 15 ,
& Particle lifetime: 7, = =[-—=6.2x10"yr Pressure scale: 2 'umber density
luX gu p _mXaX _8h2 5/3 —1 84X1010P
— If 7, >13.7x10°yr mp g <021m*/s’ R m, Pux =1 ¢
analogue of the degeneracy pressure of Fermi gas

= |f instantons are responsible for the decay [1]:
hel/OCX 15 1 Cross section: l)zva - 4X10_32 m3S_1
_ =62x10°yrmp a, ~

2 U

e 136.85 WIMP miracle: <0v> — 3102 g
Dynamic viscosity: 77 =—¢, /G ~ 6900Pa - Peanut

Butter? Kinematic viscosity
for momentum transfer v=n/p ~1.3x10™"° m*/s

[1] Anchordoqui, L.A., et al.,Astroparticle Physics, 2021. 132, o
(collisionless): 29
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:g q'r T T T T T T T T T T T T T T T T T q From thIS pred|Ct|on:

10 | 1 = Much heavier than WIMP

w ® | - Much heavier than axion

10 b . .

0 | Q-ball f | = Comparable to Wimpzilla

:5 j This work & |

] g Two hypothesis:

10° | neutrinoe WIMPs - :‘E‘ = DM s fU”y collisionless

10° neutralino o 4 FI - -

| KK pholon S| Gravity is the only interaction

" i P

0 T E If cannot detect DM at mass of 10'?Gey, then
it - “1 = DM is self-interacting?

10 - axion f axino 1 = Involve unknown forces?

gl . = How to be consistent with cascade theory?
10 uzzy COM l gravitino :

10" el KK graviton :

10° 51‘ arXiv:hep-ph/0404052 = Potential flaws in this argument?

107 )

u;"m’“m”m“m“m“ln“m“m 10* u;" 1;:' l;]] 1;1" 1{L:' u;“ 1|:.|“ u;“ . Any impaCtS on the detection methods?
mass (GeV)
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Dark matter flow

1.'.1 turm
AN N\ /\/\m
o - Inwverse ma ,-" cascade
= h:: — t't” ﬂmlu] (Pre p gatio g; with M
—————— scale-indepe d nte_ande )
= [he smallest The largest
: scale scale

Gravitational

constant G=6.67x107" m’ /(kg s*)

Rate of energy

£ =—4.6x107 m*/s’
cascade

Planck constant h=1.05x10" kg -m’ /s

Simple dimensional analysis predicts:
1

Mass scale:  m, o (—6‘uh5/G4)9 ~10"”GeV

Length scale: [ oc( Gh/g ) ~10 " m

Time scale: ¢, o (Gzh /gu )9 ~107s

On the smallest scale, three fundamental constants:

Three fundamental constants on large scale:

Gravitational
constant

Rate of
energy
cascade

G=6.67x10"m’/(kg-s*)
g =—4.6x107 m*/s’

Velocity

_ _ :1):354.61km/s
dispersion

uy=u(a

Simple dimensional analysis predicts:

Mass scale: m, o« —ug/(Ggu) ~9.14x10° M _

I, c—u, [, =~3.14Mpc
{ ocuo/g ~8.7x10° yr

Length scale:

Time scale:
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On the smallest length scale: 10 e — Py = e AGP(2) SPARC NFW fitting |
— p.(o/m)vt =1  Elasticscatter ChEgET ; % =00Im*/kg | © SPARC pISO fitting |
i P, ror _ t , _ g6 B DMS NFW fitting ||
s r\Is )T “ | structure | Inverse O SOFUE NFW fitting
e = V3/ . Constant energy g- 1071 erfergy cascade s From four-thirds law _
u s/ Vst cascade = £u & +4.6 x 1077m? /s -
— J L = | L mb Tkl et
.. . | _
All relevant quantities determined by G, =, | \ /
cross-section o/m and ¢ : = I '
'~._ ”:-___ Y 3 +§1 101'3 I | (i)fnaig — 112m2/kgﬁ h i ]
2 Length or minimum 5 = 2G> (G/m) Z ! .
= halo core size: oo S ! W
3 —— '._ 4 6 5 E | fll
= Mass scale: m, =¢, G (G/ m) S | < halo core i
— | o a 4 | size 1 > !
& Density scale: ,077 =&, G (O'/m) _E‘ 10° | . : :
— | S B A WA, b ) I
= . . r, =G0 (+ |
&= Maximum halo core size r . : : n = &G : 3 ) i
' l.._.‘_‘:.._:- T',f — ""T,L,D E-u
O ' e i1 ~1a I |
> 0, —V.t,. =1t age of Universe; } Femar = —€ul itage = L87TMpc/h 1 |
§ o0 Lo e N N
_Ccmax _guG‘ltage ~10kpc & 5 10710 108 10°® 10 102 10° 102 10*

(6/ m) cm Halo scale radius I (kpc)
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Position (x), Velocity (v = dx/dt), Acceleration (a = dv/dt) Wave function for position: P (x)

For fully collisionless dark matter: Wave function for momentum: ¢ ()
1) A unique "symmetry" between x and v in phase space: = Wave function for acceleration: u(a)
= At given x , particles can have multiple v (multi-stream) _ — 74410 P ke 12/ 3

= For given v, particles can be at different x Hy =—myE, =T7.44x10 " kg -m /S

= NOT possible for non-relativistic baryons | »

v (x)= o | o(p)e"dp
2) Due to the long-rang gravitational interaction, 271Th o
» Fluctuations (uncertainty) in x _ a e dg
» Fluctuations (uncertainty) in v gp(p) /zwa _-[Oﬂ( )e

* Fluctuations (uncertainty) in a

\ 4

3) Two pairs of conjugate variables:
) > )t Uncertainty principles: o©,0, 2 h/2 0,0, ,uX/Z

= Position x and momentum p
* Momentum p and acceleration a ‘

Postulated uncertainty principle for a and p

leads to the constant rate of energy cascade: éu = Hy / My =dxVy
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= |[f DM is fully collisionless:
= Scaling laws extended to the smallest
scale (quantum)
= Dark matter mass, size, density, pressure,
lifetime, cross-section, etc.
= The origin of cascade: uncertainty principle
between momentum and acceleration?

= |[f DM is self-interacting:
* The smallest scale determined by G,
cross-section o/m and g,
= Smallest structure size (dependent on o/m)
= Maximum core size (dependent on o/m)
»= Observational constraint for a/m?

= Suggestions on the current work?

= Suggestions on the future work?

= Suggestion on the potential collaboration?
* Hydrodynamic simulations?
» Self-interaction DM simulations?
= Code, data processing?

34



racific _ Correlation/moment functions from N-body sim.

_ Longitudinal: L, ()= <uLuL> <uf>
Velocity , 5
correlation: Transverse: T, (r)= <“T Ur >/2 (ur )
Total: R, (r)=<u-u' >:L2 + 27, <u2>
u-Yu, Density £(r)= <5.5'> 2nd moment
correlation:
For incompressible or constant For irrotational flow on large scale:

divergence flow (small scale):

1
T, = L(I”sz)r R : (7'3L2 ) , Kinematic relations | £ = _2(’”3T2 ),r L, =(rT, ),r

§ ' 2[ E, (k)[jo(kr)—Zjll(Wkr)jdk

(N
~.
—~~
=

™~
\S)
—~~
~N
~
Il

dk Relations to power .
) i (kr) spectrum function T, (r) _ J-:E (k) 2y (k’”) dk
1= 0, 5.0 k)2

Tr1a
kr , 9(x)-0(x
| f(r,ﬂ]z(ﬁ{x)-ﬁ(x)):< ( ),?
nth order spherical Relations to density y (aH f (m))*
Bessel function of  Ja (kr) correlation function B I [ |G (FEBRQ)]
r2 Or or

S)

the first kind: ) (aHf (Qm))?



https://doi.org/10.48550/arXiv.2202.00910
https://doi.org/10.48550/arXiv.2202.00910
https://doi.org/10.48550/arXiv.2202.00910

Pacific
Northwest

AAAAAAAAAAAAAAAAAA

Table 2. The velocity correlation functions of different order

LHi] = <H2HLHJ:E >

L[Si] = <uzszui>

S '
R{S,E] = <u u,u-u >

LLH] = <H4H;L>

L(a 2) <u Hf_ul >

{202 '
RIM] = <u U u-u >

L[ﬁ " <u HLHL>

Rmar <H u-u >

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

) r r,

'1[]':' :! — T T — .m':' : ,h .. IR —— R . - — T - — T
I:::m . ) R IV TS A 1 i Longitudinal
[} W
i | = -a“(u.l'u“';z VGIOClty
correlation:
107! 07 |
Transverse )
veIOC|ty. Constant mm) |rrotational
correlation: divergen@e flow: flow:
Veu = orﬁst Vxu=0
10% | il
[——z=0 =10 z=50 : z=0 =l . i
| . —=z=0.1 —=z=2.0 r, is constant, is it .
=01 —z=15 —z=10.0 Dev|at|on =0 3 — 3 .
‘ T (z=0) £ 110 ' - = related to the size I'> constant;
|——2z=03 ——z=20 - - -T,(z=0) from Eq. (110) Due to | _ =05 — =5 of sound horizon? of time
——2z=0.5 ——z=3.0 = = .T,(z=10) from Eq. (110) simulation ==10 =10 ! /
102 . I . i box size?| . R N RN R
0 20 40 60 20 100 120 w* 0" .

10 10’ w*
r (Mpc/h) r (Mpc/h)
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r
density correlation R, (r,a) = a0u2 exp _r_ 3 _r_
2 2

(exponential):

10*

10° §

1r:r2§-

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

[
1072

107" 10° 10" 10°
r (Mpe/h)

Density correlation function at z=0

=

f(r,a)

Density correlation function on large scale

On large scale, p

R S
(atf (Q,))] ™ s \n) s

rory L T T rrerry L L LI B | T T T rrrrry

—g=) = = 2= —r=2 ()
mm 7201 ——7=10 = = z=3.0| ]
Ry ——z=03 - - z=1.5 —z=5.0| |

Peak in correlation

1072

10-3

107

and sound horizon?

o&/or =0

\ ¢

(3+\/E)r2z150j\1}]:c;;

<0

1072

107! 10° 10! 107
r (Mpc/h)

Density correlation function at different z

38
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2 2 P i 1 - ¥
u; yv=ut |2 —| +— —
( L> [ (1‘1) Iﬂi(rj

Model from 2/3 law

r:uf:r = = 8P .1

—SP(r=cAr > = = SP(Au 1)

......... c:ui';a from Eq. (39)

|

N

[ |

107

il L i L
10° 10" 1
r (Mpc/h)

107

DE

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

10!

—{ui::: — -{ﬂui::: |
-.-l"' I 1 — -
gt —«::112:: {:uL:: «::Eui:: )
‘,"—#“‘l
P ' Converged on
57 v "-“ large scale?
’ !
d NN |
”, ""Illllllil, S >
’ \
e L] A ._/. ""- \.‘ \‘\
‘-... ‘\'-‘.—- -
I S
Energy is not
equipartitioned on
intermediate scale
-z 107" 10° 10’ 10°

r (Mpc/h)

Second moment of velocity (normalized by u?)
varying with scale r at z=0
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ll;. u'
SY(r,a)={(Au, )’ =<u'—u n> """" . 1010 ————
(x ) <( L) > ( ' L) i P2 ——SP(N)-96000 = = S = = +[,=2.25¢4
3 ST, . J[stont —ostow - - s - s
u™--u: otrycture functions O | —spont 0 - - stow - = 0,730
Zeroth order: Sép (r,a) =1 106 Slope 213 e i £
Stable
8= First order: Sllp (,,, a) — <A“L> — _Hgqy Clustering \
== hypothesis  1°

All even order reduced structure functions follow
two-thirds law:

Sé]; (r) _ 2 [2”](2” (AML,O)+,B; (r/n@} 100 .l

107 |

,I:'.r Illdl;[;ll‘r'l I II’M \ hx‘ l
All odd order structure functions follow linear law 102 ' : & Slone 1 | < 1N
from generalized stable clustering hypothesis Slope 2/3 P
& lp . lp [p 1D—4 P | A I I | A A I |
: S2n+1(r)—(2n+l)S1 (r)S2n (r)oc ’Q) 1072 1071 109 10! 102

r (Mpch)


https://doi.org/10.48550/arXiv.2110.05784
https://doi.org/10.48550/arXiv.2202.06515
https://doi.org/10.48550/arXiv.2202.06515

S

Pacific

Northwest Maximum entropy distributions in kinetic theory of gases

NATIONAL LABORATORY

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:

Z(v)=

zv

3
T O,

e

—vz/Zag

¢—

!

Distribution for E
particle energy:

distribution

/ 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
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Gaussian core for M <V,

Exponential wings for v‘ >,

Maximum entropy distributions in dark matter

0

= 0.7

B o1t

Exponential
wings

R

e The X distribution
—u with r=0.1Mpc/h

1

Gaussian

D51
—-a 2
e 1% 1
X(v) = exp(— ] X(v)= v o
2 V)= exp| ——
2avK, (0‘) 2av, ( ) 2av,K, (0!) LV :
RIS
ﬂ | \\ ll . ,a2+(v/v0)2 E 5l
—— a=0 (Laplace) X (V) = 2
06 —a=1_0 20[\/‘0 Kl (a) % 325
10 / 5
= 05/ a0 (Gaussian) Bessel function = [
,_-E
0.4 035
ny
03k X is a two-parameter 4}
distribution with shape
g oo parametera anda  **f
velocity scale v,
or an acceleration scale a, ®

g, Ca,"?

\

The X distribution with different shape parameter a

45 -4 -2

0
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



https://doi.org/10.48550/arXiv.2110.03126

neomeest MOND theory and acceleration fluctuation in DMF

NATIONAL LABORATORY

= 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




10 E

.1013

.1{|12

— .-H:I” 3

= 0%}

107

10f k£ acceleration:
i Gm X X, — X, . IL|
a = d 5 [T
T a2 3 =3 |
; J# ]Ki-—-]ij‘ thj Jl
,.I{IJ. e | i P B A | i P S W | i I B A | i
107" 107" 107" 0™ 107® 10
Acceleratmn a anda (mfs )

10" k
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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°

48
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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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= - Stellar-to-halo mass relation (SHMR)

= halo abundance matching

= Goals:
= = Baryonic-to-halo mass ration (BHMR>SHMR)

= The average mass fraction of baryons in all halos?

= = The fraction of total baryons residing in all galaxies?

e | i = Baryonic Tully-Fisher (BTFR) for flat rotation speed:

= Gmbao @m observed baryonic mass

ss m,, can be related to the halo virial
rough constant density ratio A,

z(r, )3 A.p,(a)

radius r,,

@:4

3

. - The BHMR (between m, and m;) can be obtained

only if the relation between v; and r,, is known.

Relate to energy cascade in

3
baryonic flow? see 2/3 law &y XV / y

Energy cascade for baryonic-to-halo mass relation

= . Total galaxy baryonic mass = stellar mass + cold gas.

10 3
_ BHMR m,
o Pivot mass m,,.
10" ¢
- . .
10" o ,%%*D -
é ot O e ! o9
o BHMR '~“=r.* O
; ”
Eﬂ .1{:'1{:' = m-"-ll-."rg |: -~ E‘q: lI.Ill'-' L I::I
7] h 2 ,_!l 9 :
= S .#-l,., Stellar-to-baryonic
= 11;{’;?!-%“ g mass ratio (SHMR)
= 10° - 20 4
E _ ':'%" s
a—: (R \
R it of SHMR Moster et al. 2010
b0 o
N4 O From SPARC data
10y == = Stellar-to-halo mass at =0 [5]
_BEI}’DHIE t::r halcr mass at z—[] (Eq (3?))
‘H]E i aaall
101 10 1{]12 1{113 1{114

Halo mass m, (Msuﬂ)
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Baryonic Tully-Fisher
relation (BTFR):

4 _
v, =Gmya,

Halo mass and halo
size relation:

4
m, =—71, A poa”

1—31

Small halos <m:

405,

speed

Rate Of B Baryonic mass in
= energy _IBf equilibrium with DM,
cascade . i.e. same kinetic energy as
DM particles u?
DM
. c q
Circular > ,vafa oV,
velocity
DM halo r =— B .v.H 'a? oc v
size "9 Prvy d
1
Flat 9 (2 ) 1
B 1/3
rotation V,= (A j (Gth) a’ Oc(mh)

Energy cascade for the flow of baryonic mass

Baryonic Tully-Fisher
relation (BTFR):

4 _
v, =Gma,

m, =—ar,A.pya

Halo mass and halo
size relation:

4

ST

2

:
t

Turnaround time

Large halos >m,:
Baryonic mass and DM
are two miscible
phases sharing the
same rate of cascade.

B 3

4 (A 14
v, = Caf—f;ap ocv;
OV 2 u
3
4 v
T =5 %7 fz apocvjp
9 Hu

2

z 1
3 9
[ (2] @y

3

(mh )1/9
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Model prediction and validation by SPARC data |
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10° x :
2 Q-
= fers" \
= 1/3
E Ih
E 10% :
B
=
z
=
E
- 0 From SPARC datal|
. FromEq.(21)
h - = ‘FromEq. (23)
10 102 103 10

Halo size I (kpc)

107 ¢

Flat Rotation Velocity V c (km/s)
(-]

||~ = .From Eq. (23)

< From SPARC data
From Eqg. (21)

108 Hal 1010 M 1012 104
Al 1IMass
mh ( E].JII.:I
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= Baryonic mass in | Il e e o e e B S R L B L TR
— ~1/3 4/3 3/2
= small halos m, = (Mcl) (mh) Pivot  _16 By (E)( w )a%(Sq—P} o
< pivot mass m,. 1012 E mass: e8I af 2 ) \Geg, |
Baryonic mass in = - 1 QO * —
5/9 4/9 = : - o
large halos m, =(M,,) / (m,) / 10 o Agree W'tzh - o e ;b > 7 ﬁg
= < pivot mass m, . 2 RO l_ & %r: O
| ;ﬂ / .-' - 0
: C e = 1010k 43 _"f-‘_.,'.,r;. i
= Model incorporate two limits: 1 Z m, Q OPgEn # 0 © Agree with
= i m Sm | m £ O Ha ¥ Moster et al. 2010
1 3 9 o [1] i Y g
m — m m = 10 o (T
—b=2’"A(Z) d + L » z " Gat N
m, m, . (z) m, . (z) e By
2 48 R
| _ 22 10 "G%
b 0 #
= Dash line: the stellar-to-halo mass ratio (SHMR) -1 / O From SPARC data
obtained from halo abundance matching 0y == = Stellar-to-halo mass at =0 [5]
(required to match the stellar mass function) — Baryonic-to-halo mass at z=0 (Eq. (37))
S i o L | i e b i i baql L i e 4o el : s ooy uaal
w09 . 1ﬂ1ﬂ1ﬂ -1{]11 1{]12 -1{]13 ‘1{]14
s = The 4/9 scaling law for both SHMR and BHMR

Halo mass m, (Msuﬂ)
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Overall cosmic baryonic-to-DM mass ratio (including
both halos and out-of-halo) is ~18.8% in ACDM model:

Baryonic-to-DM mass
ratio in out-of-halos

0188~

Average Baryonic-to-halo
mass ratio in all halos

A, (Z)Ab;l/(z)

Cosmic

A (2)= /1= Adh\(z)

ratio  Fraction of DM mass in halos

B )0

;'jé = J:D Ipi (V) (M c2 )5/9 (V M

Use double-A mass function to compute:

The baryonic-to-
V' halo mass ratio
in small halos

13
&l 2mh)

The baryonic-to-
V halo mass ratio
in large halos

32 * )‘5/ 9

Northwest Redshift evolution of baryonic-halo-mass ratio

10°

10 F

10‘35'

10°F

10°F

Fraction of

M baryonic mass in 1
2l halos is ~7.6% |
— -

Agree with Read
& Trentham 2005 -

92.4% baryonic mass
are not in galaxies

—a—f_ for barvons in large halos from Eq. (34)
+f1-|-£, for BHMR in all halos
—e—Abnh{z] for BHMR in out-of-halo from Eq. (32)

—#&—Fraction of barvons in all halos

/ +fl for barvons in small halos from Eq. (33)

10°

10 3 10° 10’

Redshift evolution of BHMR
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Strong correlations between supermassive black holes 1.86
(SMBHs) and host galaxies suggest a co-evolution. (Ferrarese Mp a '
= Mg—0, relation (BH mass vs. velocity dispersion) et al. 2005) 108 Mg B 200km /s

= Mg—M, relation (BH mass vs. bulge mass) (Marconi
= Mg-L, relation (BH mass vs. bulge luminosity) et al. 2003) Mp ~ 0.002M,;,
Proposed mechanisms for BH-galaxy co-evolution Virial M 3 2
~ 3rpo;. |G
= AGN Feedback theorem b b b/
= Statistical origin Bulge
= Effect of energy cascade? dispe{sion hy? ‘
5 2 w y . 3 —4 2 3
M,oxo, M,ccM, M,xro, »G—ngonst ep =0y [rp 107 m= /s
Mg—0,, Mg—M, Virial A :
correlation correlation ~ theorem ™ Bulge size For comparison:
The rate of
2/3 : 5 112/ 3
Two-thirds law: O'Zf oC (gbrb) » ¢ = O'Zf/lfb m) energy cascade M31 bulge: 6x107m?/s

Average local galaxies: 1074 m?/s3

. Sun: mass-to-light ratio 5122 kg/W or
H- m?
Does energy cascade exist in SMBH-bulge system” %104 m2/s3

. ) o
How energy Cgscade |mpact_s SMBH galaxy.coevolgtlc.)n. Cascade in dark matter: 4.6x10-7 m2/s3
Can cascade induced accretion exceed Eddington limit? 55

in bulge



Pacific

Northwest ENErgy cascade in galaxy bulge

NATIONAL LABORATORY

Dynamics on large scale does not feel the

'1012— T T R R R | T T LA R R R |

dissipation of baryons. Flow is self-gravitating ; [ SPARC NFW fitting for DM halo density |
s . : . I SPARC plSO fitting for DM halo density
collisionless with the same scaling laws on scale r: | . o DMS NFW fitine for DM hale donitr
/3 . 5/3 10" 3 o DMS plISO fitting for DM halo density
. O SOFUE NFW fitting for DM halo density
MaSS. = gb G r 5/3 IaW o Galaxy bulge density py |
B ; s DM halo density p, with e, = 4.6 x 107 Tm/s%|
. 2/3 ~—1_ —4/3 107 2 :
DenSIty: pr — ﬂrgb/ G 7 / _4/3 IaW m& mm Bulge density with g, = 1 x 10 4m/s*
Kinetic 2 2/3 eﬁg ok Cascade in
— (g r) 2/3 law | = galaxy bulges
energy. r b < o 21,4
Dueto | A ’ AEat
fan? 8L H
Cascade P =p1?o 5;/3G_1r — random | % 10 Cascade in
pressure: " 77 / motion | 2 DM halos
=
Cascade 2 4/3 ~—1_4/3 A 't Rate of cascade
Force: F, =4xrkh o« & G ritay, / G L g,(z=0)~104 m?/s3
. ook €,~107 m?/s3
Predicted galaxy o ; TR
_ . . . 7 : G 2
mass-size relation: e =e (a) . (Ub ) a0
Observed mass-size relation (ETG only, why?): r, dt
0.5 0.6 0.6 0.55 : ~ 4 2/s3 Bt i A
roem” " raem rocm, oL Sun ~ 2x10* m?/s° from mass-to-light ratio M/L 5122 kg/W
Huertas-C 1072 107 107 10’ 10°
(Huertas-Company (Mowla et al. 2019a) (Shen et al. 2003) Length scale r (kpc)

et al. 2013)
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105¢

10°

sun
S S
S S

Density scale p (M !kpc3)

o
B

Rnage of
0 ISM density Dark matter halos
— 2 _ - —]
10 s X EHHG 1,,-4/3
Critical universe density
126 3 3
I P =107%kg/m?=147 M ___/kpc 2005 o ]
¢ crit o~ \
1DD i i i i | i i i i | i i i i | i i i i | I i i i | i i i i | i i i i | i i i i | i i i i | i I\ i
1070 107%° 10730 1072° 107 107"° 10710 10° 10° 10°

Astronomical density variation on length scales

1A 1m 1 Ly SPARC NFW fitting
l SPARC pISO fitting

| T
107 A
L l B DMS NFW fitting

B DMS plISO fitting
¢  SOFUE NFW fitting

l X particle mass
E m_x’ —_ {_ EGE'HE“_]]-L;
= 0.9 x 102GeV

Stellar Black hole density
black hole Stellar black hole
I ¢ 2 Galatic black hole
Neutron 2 Sun
Atom Earth
— nucleus White dwarf denisty

Neutron star density
Hydrogen atom
Hydrogen nuclei

BH with mass let Msun
BH with mass le8 Msun
BH with mass lel2 Msun
Bulge density

Scaling for bulge density

cEpaH®oo00%0H0O

* r =3 % 103 m, Py % lﬂzzkgme' H

Galactic
black hole

Galaxy bulge density
Pp X E?SG_IT"US

Length scale r (kpc)

S7



= From the observed evolution

S
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(T3 d
b ( 2) 2. n 2
ep=—oux — oy o r"=Const o, cGM,/r
b rp dr \" P b™b b b/ b
2
3 _3n 3—3n E’EJ
rpocan, gpoca MHing Mbﬂl:ﬂ 2+n =
o
_1 _ 649n 6+9n ‘*;"
Ppecad ~, Epoca Hin,  rpy o qlion o
Il
>~

\ 4

of galaxy mass-size relation

ry: size with fixed bulge
mass at different z

rv: the size of bulge with a fixed mass M, at different z

1 5

1.0 1.0
¥y oCa 7, Ca

(Huertas-Company

et al. 2013) (Yang et al. 2020)

(Mowla et al. 2019b)

0.95
1y, Ca

»n=1m

10

1

Dynamics on the bulge scale and time-variation of g,

- i\/lass-'normlalizedI radiu's as all func{ion 01" Z:1

[ Circles for ETGs !
Squares for passive galaxies

“-.._ Triangles for passive ETGs

(Huertas-Company et al. 2013)

0.0 0.2 0.4 0.6 08 1.0 1.2 1.4
z

¥, o€ d aboca_l/2 M, o« a’

-3
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= scale:
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Bulge mass M Rate of energy cascade g,
Six physical Iy Gravitational fant G
quantities: BH mass M, ravitational constan
BH luminosity L  Light speed c

Five length scales:

- 3/5
: Bulge scale: 7p = (I/G’r)S/SM / G3¢

BH sphere of rp = (I/gr)q/5M2/5GS/5 2/5
= influence:

Schwarzschild
Radius:

re =2GMp/c”

GLp

Radiation scale: rp = (
?’&'r%‘C

Dissipation

X

82§G3Mg

Scaling laws:

Se7 2/ 2/3 -1
b 4mm =ac’G'r

“p

Radiation pressure
L
prad ( )

B

Arrr?

g .
&,

cep

|
3\2
(VB)
Fy =|— =
Eph

B Equivalent BH
kinematic viscosity:

VB = IrCls =

Cascade pressure

)}1 pr(r):Grz/s

2z,GMp/c

5/3

Cascade/ |

Pressure

Energy ’
injection:

g,M,

Energy |
cascade: g,

Bulge

Key quantities and length scales for SMBH-Bulge
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10% ¢

[ V3 /M,y (from Ref.) | f e ]
| L/ L I Lg i p¥0. (0)=2.1x10%(Cy/11.8)[0.1(1~¢€)/eMMpe? -
0P =7 = Lg/(Mpey) ) I Y = 1 | I
| =y = (GLB/C5)U4 N ™ | MBEE) ] — 0.8 -]
FH= = - Model for stage "E1” =~ - / e [
[ femenannns Model for stage "E2” Pl | - g -
0% =~ ~ 1 Bi06
5 |
c §:_ |
[~} L
. 02
107 z [
L :j OF, . ! | L1 |
L E 0 1 2 3 4 5
| Z
102 : Evolution of co-moving BH mass density from
R/ 1 _[GLp\* 1 Quasar luminosity function from 2dF Redshift Survey
10% ‘! : iy cd . (Yu & Tremaine 2002)
f ! I 3
/ T e s = : | - .
04 b A i : T T = - Luminosity is converted from mass evolution :
g f I : .
_ ; | | Lp Mp e® 3(MB/MD)H 1)y €C?
— ' e My Mgl-e 0 T
10" a 10° 0 0 € o €

Time evolution of BH mass Mg, Luminosity Lg, dimensionless y and n 60
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Northwest The SMBH distribution and evolution in Y -- n plane
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10°) B — Data sources:
Lp GLp\*
! ! = CN = 1) Survey of local galaxies from
e P B : =20km/s Mgy ¢
- ! 78" literature (squares) Multiple sources
| / I::-‘B::‘mﬂkmfs
7 ,=452km/ . .
| | NGO3079 g1/ ¥ N 2) Quasars from Sloan Digital Sky
107 = / Yegq (Eddington limit) E .
| & Survey DR7 (gray and black circles)
l Schneider et.al 2010, Shen et al. 2011.
B | r =1' y ~
1ﬂ2l§— Active | ¢ - \:i. b' ¥ X T_r]..-:f h:> o
E“ é- ------- IIIII.'IIIIIIIIIIII. snnndnennduns rtl‘ I'II"' """""" ; :’" ...... 3) High redShift quasars from
= Inact a4 : .
i nactive o g : ’E,?.;m 2 ] Canada—France High-z Quasar
& PNGC205 Pg// 1 Survey (blue circles) Willott et.al 2010
E | ¢ - I -
_ C I 4 /
10 g P f SDSS DR7 Quasars 10°**<a<10°*! ?  4) BH evolution from the luminosity
- 17 4 o} (0.2589<2<0.4125), € =0.0004m /s . . ]
Sgpes o g 7 A op=173KMS Spss DRT Quarsars 1097<ac107 1 function from 2dF Redshift Survey
- ', 0" NGC O 40119<2<4.6234). €, =0.008ms’ ] . _
1[}-4%— rp=rs ‘: M31o 1277 JP=1Tkmfs < CFHQS Quarsars at z=6, |Eh={].[}lErn21’5?r ? (SOIId green) YU & Tremalne et.al 2002
- / s SMBH evolution path from 2dF redshift Survey -
0,=0.17kmls 5 Other alunis. | Any other potential sources?
108 | Ll Ll ! Lyl C ] ol y p .
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Galaxy bulge and SMBH data

Pacific
Northwest Velocity scales Length scales Rate of
Table Al. Samples of SMBHs and their host galaxies cascade
e

Galaxy Type Mg Ref. Lg Ref. op Ref. R Tp My, Ref. rp re r'p Fx £
Name (Mg) (erg/s) (km/s) (km/s)  (km/s) (Mg) (kpc) (kpc) (kpc) (kpc) (m?/s3)
CygnusA  Seyfert  27E+09 5 27E+45 2 2700 T BT 382 L6E+12 1 316 4SBT UUETUZ  JI1E-03  26E-07  2.0E-05
A1836-BCG 39E+00 1 33E+42 5 2880 1 89.6 72 T6E+ll 1 132 40E01  20E-04  31E03  37E07  5.9E-05
Circinus Seyfert  1.IE+06 5  48E+42 2 158.0 1 29.2 79 0B+ 1 02  LIE03  21E05 37E06  LIE10  7.4E-04
IC 1262 36E+43 63 2325 63 130  93E+11 63 247 4.4E-03 1.6E-05
IC 1459 25E+09 5 13E+42  3a 3400 1 99.4 56  6.6E+11 1 82  21EO01  38E05  1.8E03  24E07  1.5E-04
IC 1633 B3E+42 63 3566 63 90  24E+12 63 270 4.4E-04 5.4E-05
1C 2560 Seyfert ~ SOE+06 5 12H#42 5 137.0 1 227 56 23E+10 1 1.8 BOE-03  12E-04 23E05  48E10  47E-05
IC 4296 13E+09 5 16E+#42  3a 3220 1 69.3 60  16E+12 1 222 22E01 14E04  14E03  12E07  49E-05
IC 5267 62E+40 63 1617 63 26  15E+1l 63 16 3.0E-05 2.0E-05
IC 5358 LIE+44 63 2142 63 172 16E+12 63 502 2.6E-02 6.3E-06
Ser A* A1E+06 1 19E+36  3a 1050 1 19.3 02 LIE+0 1 4 90E-03 96E-09 22E05 39E-10  26E-05
NGC193 25E+08 59 16E+41 59 1870 59 70.5 34 19E+10 59 08  41E-02  44E-06 27E-04 24E08  2.7E-04
NGC 205 38E+04 5 48E+35 58 350 13 5.1 0.1 33E+08 13 04 12E03  25E08  LIEO6  3TE12  3.6E-06
NGC 221 25E+06 5 15E+37  3a 750 1 21.0 03  BOE+08 1 02 45603 1LTEO08  12E05  24E10  6.7E-05
NGC 224 I4E+08 5 14E+37  3a 1600 1 45.4 03 44E+10 1 25 5TE02  21E08  27E04  14E08  54E05
NGC 315 BCG  17E+09 3 T76E+42  3a 3410 1 81.6 88  12E+12 11 149  20E-01 26E-04 15E-03  16E07  8.6E-05
NGC 326 13E+42 63 2319 63 57  14E+12 63 383 5.6E-04 1.1E-05
NGC 383 58E+08 59  95E+41 59 2400 59 55.4 52 50E+11 59 125  15E-01  13E-04 8S5E-04  55E08  3.6E-05
NGC 499 BOE+42 63 2533 63 92 SIE+ll 63 115 5.4E-04 4.6E-05
NGC 507 BCG  16E+09 3 73E+4l 3 3310 12 78.1 49  13E+12 12 166  22E01 54E-05 16E-03  16E-07  T.1E-05
NGC 524 BTE+08 5 18E+40 5 2350 1 67.1 19 26E+ll 1 68  L6EDI  38E06  LOEO3  83E08  6.2E05
NGC 533 13E+43 63 2712 63 101 LIE+12 63 224 1.2E-03 2.9E-05
NGC 541 39E+08 59  43E+41 59 1910 59 485 43 21E+Il 59 83  14E-01 94E-05 68E-04 37E08  27E-05
NGC 708 J0E+43 63 222 63 125  T6E+1l 63 220 3.9E-03 1.6E-05
NGC 720 65E+41 63 2356 63 48  25E+1l 63 64 5.3E-05 6.6E-05
NGC 741 52E+42 63 2860 63 80  1OE+12 63 176 3.9E-04 43E-05
NGC 821 ITE+08 5 44E+39 2 2090 1 49.2 14 13E+ll 1 43 56E02  12E06  28E04  16E08  6.9E-05
NGC 1023 A1E+07 5 10E+40 2 2050 1 415 L7 69E+10 1 24 20E02  13E06 8JEOS  40E09  1.2E-04
NGC 1052 BCG  17E+08 59  35E+40 59 1910 59 53.8 23 56E+10 59 22 49E-02 38E-06 27E-04  1JE08  1.0E-04
NGC 1068  Seyfert ~ 84E+06 5  25E+44 192 1510 1 30.2 212 15E+10 1 09  76E03  26E03  26E05  SIE10  1.2E-04

NGC 1194 Seyfert TAE+07 5 5.5E+44 19a 148.0 | 428 5.7 2OE+10 1 1.3 3.2E-02 6.9E-03 1L4E-04 6.8E-09 8.0E-05
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The SMBH distribution in y -- n plane
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The three-stage SMBH evolution in y -- n plane
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Cascade 1s ubiquitous in our universe

Inverse mass cascade with a scale-independent rate ¢ (kg/s)

= Random walk of halos in mass space (diffusion) ® Double-A halo mass function
= Random walk of DM particles ® Double-y halo density profile
= Halo mass function and density profile share the same origin and similar functional form.
= No critical density ratio 6c or spherical/ellipsoidal collapse model required
Energy cascade with a constant rate g, (m?/s?)

" 2/3 law for kinetic energy v« (g,1)*? In propagation range, all

" 5/3 law for enclosed mass, mx &,°G'r>? « quantity by ¢, G, and r
= -4/3 law for halo density, p,x € 23G-1r43

= The fundamental origin of cascade on the smallest scale (uncertainty principle)?

The smallest scale dependent on the nature of dark matter:

"= Collisionless dark matter: r, « (g, Gh)'sp DM particle mass & properties 4@ All quantity by ¢, G, and &

= Self-interacting dark matter: r, o g,°G~(c/m)’ mp the smallest structure @ All quantity by ¢, G, and 6/m
The largest scale determined by u,, ¢, and G ® the largest halo & its properties 4m All quantity by €, G, u,, a

Velocity/density correlation/moment functions

The maximum entropy distributions in dark matter
Energy cascade for the origin or MOND acceleration
Energy cascade for the baryonic-to-halo mass relation
Energy cascade for SMBH-galaxy co-evolution
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