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Dark matter, 1f exists, accounts for five times as much as ordinary baryonic
matter. Therefore, dark matter flow might possess the widest presence in
our universe. The other form of flow, hydrodynamic turbulence in air and
water, 1s without doubt the most familiar flow 1n our daily life. During the
pandemic, we have found time to think about and put together a systematic
comparison for the connections and differences between two types of flow,
both of which are typical non-equilibrium systems.

The goal of this presentation is to leverage this comparison for a better
understanding of the nature of dark matter and its flow behavior on all
scales. Science should be open. All comments are welcome.

Thank you!
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Structural (halo-based) approach: Statistics (correlation-based) approach:
0. | Data https://dx.doi.org/10.5281/zenodo.6541230 '
1,

Inverse mass cascade in dark matter flow and effects on halo mass
functions https://doi.org/10.48550/arXiv.2109.09985

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

2. Inverse mass cascade in dark matter flow and effects on halo deformation,
energy, size, and density profiles https://doi.org/10.48550/arXiv.2109.12244 2. The statistical theory of dark matter flow and high order

3. Inverse energy cascade in self-gravitating collisionless dark matter flow and kinemat.ic and dyr.1ami.c relations for veIoF:ity and density
effects of halo shape https://doi.org/10.48550/arXiv.2110.13885 correlations https://doi.org/10.48550/arXiv.2202.02991

| 4. The mean flow, velocity dispersion, energy transfer and evolution of rotating ~ ©: '€ scale and redshift variation of density and velocity
and growing dark matter halos https://doi.org/10.48550/arXiv.2201.12665 distributions in dark matter flow and two-thirds law for

- pairwise velocity https://doi.org/10.48550/arXiv.2202.06515
e 5. Two-body collapse model for gravitational collapse of dark matter and _ _ _
generalized stable clustering hypothesis for pairwise velocity 4. Dark matter particle mass and properties from two-thirds law

https://doi.org/10.48550/arXiv.2110.05784 and energy cascade in dark matter flow
https://doi.org/10.48550/arXiv.2202.07240

| 6. Evolution of energy, momentum, and spin parameter in dark matter flow and

integral constants of motion https://doi.org/10.48550/arXiv.2202.04054 5. The origin of MOND acceleration and deep-MOND from
acceleration fluctuation and energy cascade in dark matter
@l /. The maximum entropy distributions of velocity, speed, and energy from flow https://doi.ora/10.48550/arXiv.2203.05606
' statistical mechanics of dark matter flow _ _
httos://doi.org/10.48550/arXiv.2110.03126 6. The baryc_:nlc-to-halo mass relation from mass and energy
cascade in dark matter flow
8. Halo mass functions from maximum entropy distributions in collisionless https://doi.ora/10.48550/arXiv.2203.06899

dark matter flow https://doi.org/10.48550/arXiv.2110.09676
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Statistical (correlation-based)
approach for dark matter flow
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The statistical theory of dark
matter flow (second order)

Xu Z., 2022, arXiv:2202.00910 [astro-ph.CO]
https://doi.orq/10.48550/arXiv.2202.00910
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= Review:
= Statistical theory in hydrodynamic turbulence

Kinematic relations between statistical measures
= Correlation functions
= Structure functions
= Power spectrum functions
Incompressible on all scales
= Divergence-free
= Constant density

N-body simulations are invaluable to understand dark
matter flow (DMF).
Fundamental problems when projecting N-body
velocity field onto structured grids:
* Velocity field is only sampled by N-body
simulations at discrete locations of particles.
= The sampling has a poor quality at locations with
low particle density
= Velocity field can be multi-valued and
discontinuous due to the collisionless nature.

Goal 1: what are the kinematic relations in
dark matter flow?

Goal 2: what is the nature of dark matter
flow on different scales?

Approach:
= Use pairwise average for real-space two-point
statistics to avoid projecting

= Take advantage of symmetry implied by the
assumptions of homogeneity and isotropy.

= Develop kinematic relations between different
statistical measures

= |dentify the nature of DM flow, i.e. incompressible,

constant divergence, or irrotational flow.
162
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General correlation tensor between velocity field and a scalar field p(x):

_ ! ' Pairwise average: Averaging

O, (X’r) <u’° (X)p(x )> X =X+r over all particle pairs with the

Reduced to function of r due to homogeneity and isotropy: same separation r.

O, (X,r) =0, (r) =0, (r) = A4, (r) v Incompressible Constant
flow divergence

Divergence of first order tensor: 4 (r)=0 A (r)= —6’<p(x)>/3

00) (v u(x) p(x)) =34+ 2 0.(1)=0  0()=~{$(r(x)):

or

Curl of first order tensor (always zero): = The first order correlation tensor

. r.r, OA t vanish for i ible fl
VxQ(x,r) = <(qu(x))p(x )> = &k (A@k + rk ('Brl j ~0 must vanish for incompressible flow

= The curl of the first order correlation

the Levi-Civi | _
e Levi-Civita symbo 51{ = Eqlil, =T XTI = 0 tensor is always zero for any flow

satisfies the identity ik j
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Second order velocity correlation tensor:

Q,(r)=0, (’”):<“i(x)uj (X)> u,

General form of isotropic second order tensor:

0, (r)=0,(r)=4,(r)rr,+B,(r)s, e

Pair of particles with
distance of r

= Divergence of second order tensor: Longitudinal velocity: Transverse velocity:
_. = Used to derive ~ A A
e =u-r=ur Uy =—(UXrxr
0. 4A L2 8A 2 _|_l 5B ” Kinematic relations o=t il T ( | )
= =i or r or )’ t u, =u -t =ur up =~ (i)
Qij,i _ _<(v ‘U, (X))u]. (x )> — () 4m Incompressible flow Velocity difference or Ay =1y —u
- Constant Pairwise velocity: BooE
0,,= —<(V-ul. (x))u] (x )> - —¢9<u]. (x )> =0 ¢= dlveﬂrgvevnce Velocity sum: Su, =u, +u,

ee=  Curl of second order tensor:

: Same even order kinematic
Irrotatlonal\ : . .

¥ VX QZJ ( ) glmjrm ( 2 ___j =0 @& flow relations for incompressible flow
and constant divergence flow
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= Using index contraction of second order tensor to define three scalar correlation functions

Total correlation function: The velocity power spectrum and correlation function
— R,(r)=0,5, = <u u > = <”,”,> = A7’ +3B, form Fourier transform pair
Longitudinal correlation function R(r)= J“’OE (k) sin (kr) Jk
— - ) o Lo
== erl /r <uu> Ar +B,
Transverse correlation function E (k) — EJ'OO R (r)kr sin (kr) dr
| “ T 0
T,(r) =Q.nn, =<uT -uT>/2 =B, (r)
Integral scale: the length scale within which velocities
R, (”) = 2R(”) =L, (’”) +21, (’”) are appreciably correlated
&= [wo correlation coefficients can be defined for ] = LJ"’OR N =~ J‘“’E (k)k_ldk
= longitudinal and transverse velocity: 2Jo

and Pr (’” ) = <212T>> g&%'(zir?;ﬁggﬁ'_ u(a)= G<u(x).u(x)>jl/2

square) velocity:

)
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For incompressible flow or constant
divergence flow:

I
L=-(rL), -

kr
)= 07 .0 (1) -2
.= uiz OOOR(r)dr = uLZjOOOLZ (r)dr

Relations between
correlation functions

Correlation tensor in
terms of correlations

Relations to power
spectrum function

Integral length scale

Kinematic relations for correlation functions

For irrotational flow:

R, == (r'T,),

L, :(’”Tz),r

nth order spherical
Bessel function of j, (kr)
the first kind:

R

Characterizing the type of flow

1

2i :r__o,J‘OrRz (y)yzdy

For incompressible or
constant divergence flow:

For irrotational flow:

R2i — Lz

Ry, =1,

166



~7" Correlation functions from N- -body simulation

Pacific

Northwest aNd nature of dark matter flow

NATIONAL LABORATORY

'1'[]1: ! el R ! TP Do e | : PR LR Y ! e R S AR

Velocity correlation functions

1{]1}__!_!— E
i X nmy e
| g
4 £
107 F %, E =
* =
- R (r VoA 2
| —R,0| | Ta =
IIIIL T :: : E
0% 2( ) L,and T, H X =
: - Tz(r) Crossoveratr=r, § E
_ ; =
107 F
; L, <0 at large r
- T,>0forallr
1{]-4 i | O A Bl
107 107 10° 107

r (Mpc/h)

f_ " The variation of two-point second order velocity correlation

functions (normalized by u2) with scale r at z=0

10%p

.11]'1 -

L constant divergence flow
L on small scaler<ry

Irrotational flow

sz:Tz

R,~L, Tt

Incompressible or

— % (1)
e L 2I{r)
- T E[I')

On large scale r=r; |

1072
107"

10? 10 102
r{Mpec/h)

Using correlation functions to
characterize different types of flow.
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mvy, +myv, —mv3 m v, =
— 2
b m
' <V3>: — V1+V2
m

1 1

\ 4

o o @

&= \Momentum conservatlon

Northwest - @annihilation”

annihilation
ﬁ (v, +v,)
m
( j /OLO)

= Mass-energy conservation:

1

), )

L m=m l+-—-+4¢1-p,, 2

+
4¢*

2 2 2 2 "2 ' 2
mc” +—mv; +mc” +—mv, =mc” +—m;

zm{2+(l—pLo)<

radiation is produced from that “annihilation”.

2
u

=

=2 Particle “annihilation” (r=0) leads to extra mass converted

‘7/ Velocity correlation and collisionless particle

Equipartition: halo T and halo group T

o (m) =0l (m)+o1(m) Pu =(o0)/(")=1?

Correlation coefficients

— -PT

In collisional ey
PL = pr =1
hydrodynamics: i

-3

L i i 3
107 10 10 10°

r (Mpo/h)
The correlation coefficients for longitudinal
velocity and for transverse velocity

168
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10" T T e e S
On large scale, transverse velocity correlation N | Ing |

: —-—{u-‘unf

can be well modelled by exponential function:

.2
I |=4F g
| a(w uﬂi

1, (r,a) = auu’ exp(—r/rz) oca a,(ulu, )2 =0.45a

107
"y Redshift-independent length scale,
= 21'4]\4]90/hmight be related to the size of sound horizon

[

3
Using kinematic relations for irrotational flow 5
on large scale
. - 107 |
” ~\ Longitudinal :
L,(r,a)=au’exp| — || 1-— : :
2\ 0 ; y correlation | ———z=0 =10 z=5.0
? ? [ 2z=0.1 —2z=1.5 ——2=10.0
u I.; ._ | ) , , TOtal l — =13 ———7=20) - - 'T.?.(I:D) from E{l (1”})
= Rz(”’a):<“'“ > =2R(r)=ayu exp T 3- | correlation ||-———2z=05 ——2z=3.0 - - T,(z=10) from Eq. (110)
Z 2 2 A i I | | j
10 0 20 40 60 al 100 120
. I o L = Correlation r (Mpch)
s Lo =u—2f0 R(”)d”zﬁ 0 R, (r)dr =2a,r, length Transverse velocity correlation function T,

varying with r at different redshifts z 169
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LN | i "”]1I_ T LA B A A L | L T F T e T I B BB R | T LA B B |

107 E
107" E
<0
S —— 1 o2 =_
——z=0.1 —z=2.0 . ——z=0 ——z=1.0 —z=5.0
z=0.3 —z=3 o : ——z=0.1 z=1.5 z=10.0
—z=0.5 —=z=5 / - z=03 ——z=2.0 - = Eq.(112)forz=10
z=1.0 z=10 ——z=0.5 ——z=3.0 = = ‘Eq(112) for=0
i . TR ) R H | TR ,”].3. PR | P PR Y |
mn= 1™ n° 10’ w0 1072 107! 10° 10! 107
r (Mpc/h) r (Mpc/h)
The variation of longitudinal velocity correlation The variation of total velocity correlation

function L, with scale r and redshift z function R, with scale r and redshiftz 17
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Using kinematic relations and exponential transverse
velocity correlation, we can analytically derive all 10
= correlations for velocity, density and potential on large scale.

= | inear perturbation theory and Zeldovich approximation
on large scale:

V-u Hf (Q V¢ V?

wo ORIV Vg
aHf(Qm) 47 Gpa
o

Log-density field: n(x):log(1+§)z

10°

orN=-

-
=

= &(r,a)= . e exp [Lj —7(L]+8
= (aHf(Qm)) n, I\ " 10°
B Averaged density correlation:
= 3 ¢ >3
()= r—zfo E(y,a)y’dy = —— exp(—
&= Potential correlation:

- Density correla’ltion: 5 ( j
r

= £(r) from simulation
“b|===Log(1+£(r)) from simulation
= =£(r)fromEq. (117)
107" 1(° 10° 10°
r (Mpc/h)

[Lj +1} oc q’ Density correlation at z=0 and
comparison with model
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Velocity spectrum function:
8 k™
— 2 2
E, (k) = dolt k_r,= \/5 E, (k)= 12556 rau’
T

g (1 +1/(kry ) )3 max

4 k4 spectrum due to
L, (k) ok for kr2 <1 vanishing linear momentum =

E (k) oc k= for kr, >1 Signature of Burger’s equation in
weakly nonlinear regime

Density spectrum function:

16a.1> 1 Potential spectrum function:
E; (k) N - 2 2)\3 18 ( aH : au’k™
(aHf(Qm)) ar (1+1/(kr2) ) E, (k)= r [f(Q )] O 2\
AWARLY (1+1/ (r, ) )
Matter power spectrum:
2 2
P,(k,a)=27°E, (k,a)/k2 _ 32mau’ 1 Pa(kmaxaa): 128zau’r, :

(atf (2,)) (kr, ) (1+1/ (kry ) )3 27(aHf (,))

172
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: —4:!’11:3:0} | -l:ri{:Fl'_'l} ---.:ri(z=u} GZ‘(FI'_'I} :..j.;..l.:,i{Fﬂj;frur;:lE:q_.{.lllijlh.E
2 (z=0.1) ——a7 (z=2.0) 7 (z=01) - == a3(z=2.0) - o7, (z=10) from Eq(115) |-
i o |20 — 20 - 03 3 |
=— J- E, (k) kr * di = j E dr | |— 02 (=0.5) — 2 (z=5.0) A(z=035) -~ o}(z=3.0)

35 —uﬁ{Fl.{l} —ai{Fm.ﬂ}----gi(Fl.ﬂ} gﬁ{Fl.ﬂ}

Dispersion function for smoothed velocity
(energy contained in scales above r)'

Window function for tophat spherical filter: I
= 3. Ji (%) _
W (x)== - =3
(x) ~ [sm(x) xcos(x)] .
= 0o, (r) Energy contained in
B, (r)=- o scales between [r, r+dr]
Energy contained in scales below r: 0 b

%j";E (k) [1=w (k)" ]

_ 2 2 _ 2 Energy decomposed into
— Ou (r) 0y (r) ~ 7 scales below and above r:

== Relations to velocity correlation function: L
- 1 0(10( 50 2/ .4 - e R
R, (2r)=— y _(gu (r)r ) Variation of two dispersion functions with scale r (simulation).
24r* or\r* or or Fraction of energy contained in large scale decreases with time. 73
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Longitudinal Structure functions are moments of 10 : T . e D‘D _2 =
pairwise velocity: _32;:3 —I;S:D |

B - z =
SP(r)= <AuL> = <uL —uL>

2
Second order longitudinal structure function <?1L>(?')
(pairwise velocity dispersion): 0]

Sy (r)= <(AML )2> = <(”L U )2> = 2(<”£> -1, (’”)) - lim <HL> 2u” lim <uit> =u’

Second order longitudinal structure function (modified): i ey
S (I”) = 2(£i£%<uLu'L>—L2 (r)) = 2(u2 ~L, (r)) - Dark matter flow: <u§* > - <u§ (r) 2 o

2y 2
Sép (r);tSé (r) because of <u§>¢u2 Incumpressmle flnw <u£>—u

1r:r1cr2 1r:r‘ m"' 10° 10°
lim<u§> =2u’ 1im<uz> =2 1limSy =1limS? =2u° r (Mpch)
r—0 o : r=0 ro The variation of longitudinal velocity dispersion
lrlerlL (r)= lrl_I>I(}T2 (r)=u 12103L2 (r)= 1&1017; (r)=0 <Au, > with scale r at different redshifts z 7
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= [otal velocity structure function:

| R

= Total velocity structure function (modified):

| S1(r)=6u’ ~2R, ()

S;'p (,/);,gS;(r) because of <u§

>¢u2

Relation to velocity spectrum function:

=4] £, (k)(

sin Relation to velocity dispersion function:

1 0

1 o0

127 or

|

r* or

-

0
or

pul

1— j, (kr))dk

2
O, \r

"))

Second order velocity structure functions

Structure function for enstrophy and real space
enstrophy distribution:

Enstrophy: E = IOOO E, (k)k2dk

Enstrophy of smoothed velocity by a filter of size r:

$:(r) 1+,
~ =§j0 ()W (kr)dk = | E,, (r')dr

Real space distribution of enstrophy between [r r+dr]:

O T o
Em,(r):—g[S ( )/(2r2)]
Relation to total structure function:

_l_uﬁl(lnﬁl(sx( ) 4)j::55§(zr)

3r* or\ r or or
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107

= For incompressible flow or constant divergence flow: e [—=0.0 —2z=2.0]"
t= = 4 j (kl”) : —7=0.3 ——2z=5.0].
§ = _T[ _ /1 —z=1.0
= St (r) 3]0 E, (k)[l 32 ]dk |
Relation between different structure functions:

= 1 0O

(S (r)y=——|rS!(r

[51(r) === [S!(r)]

= | Relation to velocity dispersion functions: 0

I o 50
S (2r) = 55 5 (r35(0'§ (r)r4 )j

=| For irrotational flow:

= ) | L
._ ! _ 1 D _ b _
S2(r)_§jo Eu(k)(1—3]0(kr)+6 - dk ljl_IﬂI}Sé —111_}%83 =2u

| Relation between different structure functions: L ™ B

‘ o ; h

A 2 8[rS2 (r)}_ 1 0 5., o I(Iv[p.u:: ). |

. =— [r S, (r)] The variation of longitudinal velocity structure

or r- Or

function S'P, with scale r at different redshifts z '7¢
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.1[]2 E i oo e J v -1.DE' P e g T ETE G BB |
L ———z=0.3 ——z=3.0 10% F 7203 z=30 |1
10 z=0.5 ——z=5.0 |3 —g5 ——z=50 [
—2z=1.0 ——z=10.0|; S L7 | M DL
= ;
=R ?
= |
ﬂ::m-*l !
107 F
_1[]_3 Ly N R P ..H:I-E. LR piall PR S PR | R SR O |
102 107" 10° 10° 10 1072 107 10° 10 102
r (Mpc/h) r (Mpc/h)
The real space distribution of energy The real space distribution of enstrophy
on scale r at different redshifts on scale r at different redshifts
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Divergence of velocity: Vorticity (curl):
o(x)=v-u(x)  ©(x)=Vxu(x)
. . . 1 0 OR,
u>_<w.m>+<e.e>__r_25[r %
sm(kr) T

+ SRR

== Divergence and vorticity correlatlons:

1 0

— R, +R =— 2

4r* Or

1

0

|

0

7 2si(r)

° " 9672 or

(1@

GO

OB,
or ;

04, asz
or or ,

\7/ Correlation functions of velocity gradients and

For incompressible flow or constant divergence flow:

Vorticity correlation (divergence is zero):

W 1alL,erT 10],0[10(rL)
N a[ o J

R, (r) :%<co-(y)'> = jOwEu

(k)k? dk

sin(kr)
For irrotational flow:

Divergence correlation (vorticity is zero):

« 1o8[,R] 14| ,010(rn)
el a£ a J

R, (r) :%(9-9’) = ["E, (k)#* sin (kr)

dk




:Zfi;/ Modeling the longitudinal structure function on large
Northwest scale
Structure function (pairwise velocity dispersion):

S (r) = {8, )’ )=2((u )1 (1)

1[] i T T T T TrT] T B e e S R LE | T T T T T T T T T

= Modeling longitudinal velocity dispersion on large scale: (u§>(r)—l
r r \ L
2\ .2 o T SISETy
<uL>—u 1+adexp( ][1 ) z
i Fan Va2 ) |
z=0 7z=2.0
104 z=0.1 z=3.0
7/4 — i
a, =0.44a / z=0.3 z=5.0
z=0.5 z=10.0
z=1.0 = = 'Fit for z=0
Yy = 1 1953Mp6’/h 5 z=1.5 = = ‘Fit for z=3 "| l‘ll
1[]— M PR T T I N | i i P T | I b8 & g il | PR T T
_ 1/4 1072 107" 107 10 102
r,, =27.4a"" Mpc/h r (Mpc/h)

The variation of normalized longitudinal velocity
dispersion 179




\7/ Modeling the longitudinal structure function on small
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Northwest scale (two-thirds 2/3 law)

§ Second order structure function (pairwise velocity dispersion): 1

lim S"” = llmS P 2:.* T
" Ip — 2 — 2\ _ 1 b _ =7 2 r— r—0 —r=1.0 ——2z=5.0
Sy (r) <(Au,;) > 2(<UL> L, (l”)) with rl_I)lolS u ) tﬂ gl Mo
= For hydrodynamic turbulence: ~ 1imS7? =0

r—0

Construct reduced structure function that is purely determined

= by the rate of energy cascade ¢,;: 10° a‘ “‘\
Sél:” - Sép (r)—2u2 (m2/S2) and &, : (m3/S2) SianZS \

== . . . 0
= Dimensional analysis leads to two-thirds law for Séff, 1

Sé]; o (_gu )2/3 r2/3 or Sé’f, _ a3/2,82* (_5u )2/3 r2/3

S? (r)-2u’

102

= By introducing a length scale rg: upper limit for two-thirds law
10"

& s ()5t w24 ()]
= 2 4 o 1 «
u, 4u, 2 : . . £ (Vperh ; i

o dm 2 <9.5
d , tgly ~1 58Mpc/h and /5, Variation of normalized reduced longitudinal

g, 9H, 3 | |
Two-thirds law might be used to predict dark matter particle properties structure function and two-thirds law .




= 1/4 law for (modified) structure function on small scale: o'

U(r):_ v

' = Use virial theorem: "'

Y Cu (’” ) =

\7/ Modeling the longitudinal structure function on

Pacific

Northwest small scale (one-fourth Iaw)

AAAAAAAAAAAAAAAAAA

— _ = — e —
= Also see slides for additional information. S, (r) T |
§= = Potential energy for a sphere of radius r: | “ T e R Y |
gy P =05 =30 = = -§4z=0.5) from Eq. (132)
= : rG : ) 2 ) ) ]
— _[0 ;M(J’)P(J’)‘Wyzdy Virial theorem
U(’”):_ p 2T (r)+yU(r)=0
= Iop(x)4ﬂx2dx ( ) 4 ( )

E(r)=a"(rfr;) "wp(y)=p (1+£(2)) = poa” (/r:) "l
3—n GM(r)‘ 3a"H, 1’ (r ]n |

5-2n r 2(5—2n) r

The variation of
longitudinal velocity
structure function S\,

A(ty): [+ E0)(1+E() 'y
27 (1+g?(r)) -

1072 107! 10? 10! 102

: 2 va ( o r)2 .Y Use kingmatic 6— "
] : lat z y(6-n)(8-n) , 2 ! 1/4
: ; (7‘) 2(5 27’1) [’%j rﬂn > (7') 24(5 211)22 ¢ (HOF) Ve » S2 (r) = 181



S

Pacific

8 Nothwest Mlodeling velocity correlation functions on small scale
S 1/4 law for (modified) longitudinal structure function Velocity dispersion function for energy contained
= can be used to derive all other velocity correlations below scale r:
# == on small scale: 24.2" al a
—— 2 2 2
= i | o (r)= u | — | =1.0745u" | —
Sé=2u2(r/r1) with nz1/4 d( ) (4+n)(6+n) (rlj (VJ
* -3 * "
= W (Cl) Xna and B = 19-4MpC/h Total structure g (,,) — 2(3+n)u2 r
1= @ | _ function ’ 4
& | Using kinematic relations on small scale:
R ) . Structure 6n(3+n)-2" Y )
. ) r Longitudinal 2
Ly(r)=u”|1- [71] correlation enstrophy S N !

o - Vorticity =l<0)(x)-0)(x')>:n(1+n)(3+n)u2£Ljn

correlaton  ® 2 272

_ 2|1 2+n(r) | Transverse
T,=u"|1- > 7 correlation Velocity & ) B ()2 Oyt
- - vorticity £, (k):Cu nk o(k)=Cu’r,
n Total spectrum
Iy P r ota , 2(3+n)T((n+3)/2
: R, =u {3 (3+")[,ﬁj} correlation Proportional C=- (1_n n) ((n )/ ):0.4485
1 constant 27'0(3/2)T (-n/2) 182



Pacific

Northwest MOdeling the velocity correlations on entire range

NATIONAL LABORATORY

=—— = (Correlation functions are modelled on both large and 10 e e T e
small scales

= Need smooth and differentiable velocity correlations for
the entire range of scales

= Correlations of vorticity and divergence can be obtained
as derivatives of velocity correlations

10°

0'F

) Correlation function
ﬁ(r):R2s(r):3_(3+”)[_] on small scale

h

10 F
r ) . .
]Fz (7") = R2l (I/‘) =a, exp(__) (3 __j Correlation function :

v v on large scale :
| 2 2 0o p[” ™ R Ry
S( r) — Interpolation function == D)0 —L) 5 ®
1+ xbe_(r_x")/ & for smooth connection |- = T,0 —T, g ®
g P D_4 P e el
B 2 ()= R, (1-s() R, () I
o 274 ry=r, \1=sr + s\r _ _ - _
g, 2 ) ? . The fitted velocity correlation functions compared
B Final fitted correlation function is obtained by parameter to original correlations from N-body simulation

optimization using correlations from N-body simulation 183



Pacific

Northwest entire range of scales

\7/ Modeling divergence and vorticity correlations on

With correlation functions modelled on entire range ol
scales, correlations of divergence and vorticity can be

102

obtained using kinematic relations. 0|

Divergence is negatively correlated on scale

r>30Mpc/h o2
Vorticity is negatively correlated for scale r between ™ w®
1Mpc/h and 7Mpc/h (pair of particles mostly from s
different halos) and positively correlated on small

scale (pair of particles from the same halo). 107

Vorticity is dominant on small scale while divergence

— § ﬂ(ﬂ}[}
— RWI:I)T-’D
— : § E(I)'FRM{I')
=2 - =B IEiII[I}fili}
- - & RHIEI}‘:D

Y | i M -y | i I | .i R

dominant on large scale.

107" 1 10" 102

10
r (Mpc/h)

Variation of correlation functions of divergence

and vorticity with scale r at z=0

184



Pacific

Northwest SUumMmary and keywords

NATIONAL LABORATORY

Velocity correlation tensor  Longitudinal velocity =~ Two-thirds law / one-fourth law
Kinematic relations Transverse velocity Spectrum functions
Correlation functions Structure functions Dispersion functions

» |dentify connections with homogeneous isotropic turbulence for the development of the statistical
theory in terms of correlation, structure, dispersion, and spectrum functions

= |dentify the nature of peculiar velocity in dark matter flow: constant divergence flow on small scale
and irrotational flow on large scale.

= Develop kinematic relations between different statistical measures

= The limiting correlation coefficient of velocity p=1/2 on the smallest scale (r=0) is a unique feature of
dark matter flow (p=1 for incompressible flow) along with the implications for particle annihilation

= On large scale, the transverse velocity correlation has an exponential form with a comoving length
scale r,=21.3Mpc/h. All correlation/structure/dispersion/spectrum functions for velocity, density, and
potential can be derived analytically using kinematic relations for irrotational flow.

= On small scale, the longitudinal structure function follows a one-fourth law S,'~r'4, along with other
correlation/structure/dispersion/spectrum functions obtained from kinematic relations for constant
divergence flow.
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