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e ...according to fluid
dynamics experts




Rydrodynamics

* Conservation Laws
— Linear momentum (Newton’s 2" Law)

— Energy (including Mass)

* Navier-Stokes Equation

p %ﬂ\?ﬁ)v =—Vp+VT +F

—

v = flow velocity
p = pressure
p = fluid density

T = stress tensor

—

F = external force Credit: Thierry Dugnolle (Wikipedia)
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Credit: Horns Rev 1 owned by Vattenfall.
Photographer Christian Steiness;




Knhudsen Numlber
* =ratio of mean free path to characteristic length

scale
Kn = A
L

* Needed for hydro to be valid Kn— 0
 Example ideal gas: Kn S )
p g . idealgas_\/z(él-n_rz)pL

— N, molecules at STP: Kn ~ 30

N, molecules , R . L FIGURE 19.27 Scale drawing
S C Coe e S showing the size of nitrogen molecules,
the mean free path of the molecules in the
gas, and the average distance between

molecules.

Credit: Bauer & Westfall 2013

— Average distance between molecules
6
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Can be derived .-

Navier-Stokes Equation by Stochastic Variational Method

T. Koide and T. Kodama
Instituto de Fisica, Universidade Federal do Rio de Janeiro, C.P. 68528, 219/1-972, Rio de Janeiro, Brazil

We show for the first time that the stochastic variational method can naturally derive the Navier-
Stokes equation starting from the action of ideal fluid. In the frame work of the stochastic variational
method, the dynamical variables are extended to stochastic quantities. Then the effect of dissipation
is realized as the direct consequence of the fluctuation-dissipation theorem. The present result reveals
the potential availability of this approach to describe more general dissipative processes.

arXiv.org > cond-mat > arXiv:1105.6256
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Relativistic Heavy lon Collider (RHIC).
Data: STAR Collaboration
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Applications of Hydre (1)
[
~_

freeze out

hadrons —s Kkinetic theory

gluons & quarks in eq. — 1deal hydro

gluons & quarks out of eq. — viscous hydro

strong fields —s classical dynamics

>Z

Credit: McLerran 2013

Cartoon of the time evolution of an ultra-relativistic heavy ion collision
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A@@@@@I@ﬁg e Hydre (1)

Relativistic heavy
ion collisions

Scale 10> m
Shock wave (?)

Successful @RHIC
—v, v/
—n/s small v

October 30, 2013

: :‘\ 53.'.'::'---...\ Ne &
N . \ 400 Mev/n
b=6 fm

T>10MeV

. Stoécker, J.A. Maruhn, and W. Greiner, PRL 44, 725 (1980)
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Applications ef Hydre (1)

coordinate \ ,
space d N 1 d°N

3 L:nlSOtFOPY d p 27 prdp,dy
00

(1+2;vn<ppy>cos<n<¢-wr>>)
= (cos(n(p - W, )))

» Azimuthal correlation with
the reaction plane.

momentum
space » Built up in the early stage,
anisotropy therefore supplies the

early information of matter
generated in the collision.

Credit: Na Li, 25" WWND, 2009
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Strong indication for hydrodynamic flow!
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Applications ef Hydre (2)

Type |l core 500

collapse supernovae
Scale 10’ m

Neutrino-driven
dynamics

Stalled shock
wave

g o
>\.

Fryer & Warren, ApJ 574, L65 (2002
2500 y P ( )

-500 0 500
x [km]



Applications of Hydre (3)

* National Ignition Facility

 Most powerful laser in the world: 0.5 PW
(1.8 MJ/4ns)  rue e M atars  _Clumer

T[T

Amplifier

Section A of Laser Bay 1
Spatial filters
Control room

Master oscillator
room

Power conditioning
transmission
lines

Switchyard
support structure

Laser Bay 2
Target
Amplifier chamber
power conditioning
modules

Periscope
polarizer mount

assembly Diagnostics

building
Beam control
& laser diagnostic

systems Preamplifier

modules

Transport turning

mirrors : : =
Final optics

system
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Applications of [%ﬂy@][f'@ ((3))
* |CF capsule |
e Scale 10™ m

Livermore hydro codes fail

— Ignition predicted,
but not achieved

X-rays from ~

- During the

the hohlraum ays final part of - Thermonuclear
Laser beams create a \2{‘ 55“7 the implosion, burn spreads |
rapidly heat - rocket-like Q/'L, S the fuel core rapidly through
the inside blowoff of ¢ reaches the compressed
surface \ capsule surface, A Q,L 20 times fuel, yielding

of the P8l compressing » the density many times the
hohlraum y the inner-fuel X of lead and input energy
portion ignites at ’
of the capsule S @ 100,000,000°C

Indirect-drive Fuel capsule Fusion
illumination compression ignition

October 30, 2013 15



Kinetie Theery 1
(more metivation than derivation)

e Start from many-body Hamiltonian
ihat|‘PN>:ﬁ|\PN>

e Construct density matrix for many particle wave
function

Py = |LPN><LPN | = ihd,py = [ﬁNON]
e BBGKY (Bogoliubov—Born—-Green—Kirkwood-Yvon) Hierarchy
9,0, = F(P,>Py)

* Truncate at some level n: p,.=G(p,)

— Here: truncate at 3-body level; 3-body matix = product
of 2-body density matrices

October 30, 2013 16



Kinetic Theory 2
(more metivation than derivation)
* Introduce Wigner transform:
1 2ipylh
fOepy=— [lwCe+ )=yl e dy
* Final result: time evolution equation for 1-body

Wigner-transform, which contains two-body
correlations

af(r,p,t) + mV f(7p,t) — VUV f(7, i t)
= g / g1 d*qx d*qo
7T m
1 do
(2—10 +CI2—C]1 —(Iz)> 5° P+ ¢ —q1 —Gar) - a0
{ ) (1= FEBD) (1= £(7.801))

FER0 1) (1- 1) (- 17d0) |



Kinetic Theery 3
(more metivation than derivation)

* Approximate f by a sum of delta functions in phase
space:

f(Faﬁa t) — /dSTO d3p0 53(7?_ R(F0a507t0)) 53(5_ ﬁ(F07ﬁ07t0)) f('FOaﬁOatO)

* Insert this into integral transport equation to obtain
equations of motion for 6 coordinates of each test

particle d . Z N N S
P = VUgos(1:)AVUc(q;, 1:)HC (pi)
i - - ﬁ Coulomb
dt ' my
R —
l l
October 30, 2013 NUClear EOS

2-body scattering 18



Nueclear Equation of State

* Energy functional as a function of density
temperature, momentum, isospin, ...

o=2
z " o=4/3
E‘ 20|
Sy /= 7/6
Q 20 25 30
p/p,

* Not easy!

October 30, 2013
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Collision Integral

Two-body cross sections from experiment
Most accurate method: Distance of closest approach
X = (Trel(t) - Urel(t)) (Trel(t + At) - Urel(t + At))
— CPU time O(N?)
— Arbitrarily precise shock wave localization
[J. Cugnon et al. NPA352, 505 (1981)]
Fastest method: Direct Simulation Monte Carlo
— Scattering grid
— CPU time O(N log N)
— Causality violations and shock wave diffusion unavoidable

[F.J. Alexander, A.L. Garcia, B.J. Alder, PRL 74, 5212 (1995),
G. Kortemeyer, F. Daffin,WB, PLB 374, 25 (1996)]

Best of both Worlds?
[l. Sagert et al, sub. Physics of Fluids (2012)]

October 30, 2013
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HI Collisions

* Point 1: Kinetic theory
without collisions (=
Vlasov) reproduces
mean field theory (=
TDHF)

JOSEPH J. MOLITORIS, DETLEV HAHN,
HORST STOCKER,
Prog. Nuc. Part. Phys. 15, 239 (1985)

October 30, 2013

M3U-85-102
c+C B4A MeV be=1fm

20 fm/c TOHF VLASOV uu

| O ¢ ¢
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-26 P
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N X[fm)

Fig. II1.2 Time evolution in configuration and momentum space
for C (85 MeV/nucleon) + C at b=1 fm for TDHF, the Vlasov
equation, and the Vlasov-Uehling-~Uhlenbeck theory, Transparency
occurs in both cases with a mean field only.



HI Collisions

* Point 2: Kinetic theory
with collisions (= VUU,
BUU, ...) reproduces

hydro!

JOSEPH J. MOLITORIS, DETLEV HAHN,
HORST STOCKER,
Prog. Nuc. Part. Phys. 15, 239 (1985)

20

10
Q
10¢
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10.04 ¢ ¢ c
0.0+
-10_0—1
T{fu/C)= 0.00 T(FM/C)= 1011 RHO-PROP INPLANE
v T T T T o | Al T v
E
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Fig. II.12 Collision of Ar (770 MeV/nucleon) + Pb at b = 0 fm in the Nuclear Fluid Dynamic
model. Note the remarkable similarity to the VUU theory.
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JOSEPH J. MOLITORIS, DETLEV HAHN,
HORST STOCKER,
Prog. Nuc. Part. Phys. 15, 239 (1985)
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Collision Algerithimnm

R — 0.08 .
Generate particle distriubtion Collision test 1
\ % Collision test 2 ——»
, Collision test 3/ =zr==== >
> Populate b : \
°pu;e ne 0.06 r Particle of interest— 1
Loop over all bins
1
0.04 T
v \/ v .
E}ollision partner search iﬂ [Collision partner search iﬂ [Collision partner search ﬂ
neighborhood bins neighborhood bins neighborhood bins
I | 0.02 ¢ .
\/
Perform scattering
v 1 '
Update particles' ' ‘ ' '
positions and velocities 0 0.02 0.04 0.06 0.08
(b) () X (1
{12122 (5(5]|5
[040] ] 2 2 2] s s |
[030] L[y ]2][2]2]5)5]5s
X 313\3]4([4]4]6f6]6 2)
[020] 33 X4 ]l4] 4] d]ec |6 i
[010]
[000]

[100] [200] [300] [400] Parallel neighborhood search by six CPUs
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Processor Scaling

35 .
I Simulation —e— A
30 (d) Ideal speed-up — — — -
= 25 :
-
a®
@,
= 20 1
Cg <+ 1000001
5 15
e
Q
2 10
%)
5
0 -
30
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Number of CPUs

35
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Tests

Observables
— Bulk velocity
| M
vy = ]\,7V \/ an — 'Uay - ’l-y’iz, 'Ub, a = ; Uz',a

— Pressure (= average of diagonal elements of stress
tensor per volume)

Pog = — (Z m (Viq — Upa) (Vig — Upg) + §E Z Z Fija AP, B)

— Density

October 30, 2013 27



od Test (2d)

T T
200 Bulk veloc1ty vy 4000010
Analytic — — 400 350 -
ba
300 @
150 -1 300 “
250 &
3
200
100 - T 200 g
150 &
-
50 - 4 100 100 %
50 &
&
[ — IPREIRSTTIRLPEVIS WERITS P RpYin 0 0
0 1 2 3 4 5 6 7 0 100 200 300 400
X
1.2 T T T T 1.2 T T T T T T
Pressure p/py Particle density n/ng
1 [ihetrttantrina sl - 1 ~ -
0.8 = 0.8 | -
0.6 - - 0.6 —
0.4 - 0.4 .
0.2 - = 0.2 - —
0 ] ] | 1 1 ] 0 1 1 ! ] ] |
0 1 2 3 4 5 6 7 0 : 2 3 4 5 6 7
x x

Initial conditions:
n,p,vp)r, = 1) 170 3 n,pP, V)R

0.125,0.1,0
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od Tesk

{2d)

200 Bulk velocxty Vi
Analytic =— — 400 350 -
-
300 2
150 # 30 ~
g 250 &
3
200
100 - 7 200 g
150 &
a
50 4 100 1003
50 &
&
Y T SO DN AR NSPFTIN SVASUO WYUPRUTY DO ORpron 0 0
0 1 2 3 4 5 6 7 0 100 200 300 400
X
1.2 T T 1.2 T 1 il | % |
Pressure p/pg Particle density n/ng
O kel - 1 ~ -
0.8 - 0.8 =
0.6 - 0.6 -1
0.4 - 0.4 -
0.2 - -1 0.2 |- -
0 1 1 1 1 1 1 0 1 1 1 1 | 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
X X

Initial conditions:

n,p,vy)r, = (1,1,0 0.125,0.1,0
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So0d Test

(a) Particles per bin (b) Pressure [lO ]

(3d)

(¢) Bulk velocity

&
&

(]
[

. zbins
[%]
Sco
z bins
ScoS

FIG. 9: 3D Sod shock test: N = 2.4 x 107 test-particles are distributed over 400 x 20 x 20 bins
with A = 0.01 Az and At = 0.25 Az/vg. (a) Particle number per bin, (b) pressure, and (c¢) bulk

velocity with developed shock jprofiles at timestep ¢t = 350 At.

(a) Particle density n/n_ (b) Pressure p/py, (c) Bulk velocity vy,
1.2 - 1.2 . . . . . . - : : : :
Simulation Simulation 200 F Simulation .
1 Analytic ———- | 1 Analytic ———- | Analytic ———-
0.8 0.8 _ 150 -
0.6 0.6 1 100 b il
04 r 04 r .
50 .
02 r 0.2 r 1
0 1 1 1 1 1 1 0 1 1 1 1 1 1 O "
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7 0 1 6 7

X
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Cylindrical Neh-Test

Homogeneous gas with uniform radial

inward speed v,

1

rshock(t) — 9

d
7+ 1
n(r) = n
(r) = no mo—
'int
n(r) = ng 1—|—U
r

(v = 1+ 1/dof)

October 30, 2013

)

(v — 1) vt

' < Tshock

d—1

y partition

y T Z T'shock

(a) Particle density n/n;,
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(b) Pressure p/p;,

oy

0.8 r

Simulation
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(c) Bulk velocity vy/vy,
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Planar Neh-Test: Convergence

3 1\IIbinzlo(l) -
Nbin=150 ----------------
Nbin:’711 —
Analytic ——-—-
2.5 |
ds 3.1
F=
z2 27 _
=
5)
-
1.5 ¢ |
1 r , l ! , o o |
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Sedov Test

Radially averaged particle number [n0]

3 I | 1 1 1 I

Simulation
Aqalytiq -------

0 20 40 60 80

X bins

100

* No wall heating
* No causality violations

October 30, 2013

y bins

250

200

150

100

50

0 50

Particle Number

100 150
x bins

200

250

2000

1500

1000

500

e No shock wave diffusion
* No “running ahead” of

shock front
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Kelvin-=iHelmheliz Instability

October 30, 2013

y bins

400

350

300

250

200

150

100

50

0

Particle Type

50 100 150 200 250 300 350 400

X bins

Turbulent flow
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Summary of Tests

* Code passes all standard hydrodynamic tests

* (Slow) convergence to analytic results with
increasing test particle number

— Typical number of test particles used in 3d tests:
10 million — 100 million

* No physical limit to precision of shock wave
localization

October 30, 2013
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Beyond the Standard Tests




0.8

0.6

0.4

What Hydre Cannot De

* Large mean free path, large Knudsen number

Sod shock test:

(a) Particle density n/ny (b) Pressure p/p;.

A=0.01 dx
A=4dx ———-

A =mean free path
dx =boxsize

Fs = “free streaming”, A infinite
October 30, 2013
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(c) Bulk velocity vy,
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* Large mean free path, large Knudsen number

What Hydre Cannet De

e 2d Noh shock test:

(a) Particle density n/n;,

3.5

- A=0.01 Ax ——
: A=32 AX —-—-—
\ Pg e
S
N
N
I | N
\ B
L\
{IAY :
I A
VN
B
0 0.5 1 1.5
X
A =mean free path

dx =Dboxsize

Fs = “free streaming”, A infinite
October 30, 2013
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(b) Pressure p/p;,
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Wihat albout heutnines?

e Supernova explosion driven by neutrino shock (?)
* Neutrinos cannot be modeled by hydro

— Extremely small cross sections
— Very large Knudsen number

e Kinetic theory: no problem

— Can be calculated in the same framework

October 30, 2013 39



Coupled transport eguations

6fb($p) Hz T I+ x i Ml;k T i
o T Em fo(zp) — By Vi (2)Vyfo(xp) + RO, fo(zp)
= Iy,(2zp) HIp, (zp)
of,(zk) k-V* o

* 2-body collision terms structurally identical to BUU
source term

— Couples transport equations of baryons and neutrinos
— Essential input: neutrino-nucleus cross sections

(Nakamura et al, ApJ 1999; K. Sumiyoshi et al, NPA 2001,
Frohlich et al, PRL 2006, B.A. Brown, ...)

October 30, 2013
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Matier Test Particle Properties

Explicitly represent all nuclei
— Many hundreds of isotopes

— Lots of work: reaction network, weak interaction cross
sections

— All Z,A between drip lines

— Ensemble propagation

— “Coupled channels” in
reaction network

— Free baryons

== Necutron Drip Line

October 30, 2013 41



Initial Conditions

* Start with Woosley & Weaver' s 15 Mg, progenitor

= Core { Mantle -t

Envelope _=1'
ﬁ ' T - T ' —— l T T ' I 10
8 - P 15 M, Presupernova
—_ | T R=3.81 X103 cm -
o : =~ T, =4100K
Ta \J:.‘-:-L:,: %%%% ll \‘1 L=293x% 1038 ergs?
=] €, .
..:'-’ 4 - \‘ €nuc s
E \
= T
hd o i
'5 A 777777777 G 27z
= €nue —6
§' \\ €
- 4 - \ T
A\
\ )
-8 - : L ’| | \ a1 | 1 1 3 | N 1 1 1
0 1.0 2.0 3.0 ' 6.0 10.0 14.0

October 30, 2013 4.5
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Core Modeled: Initial Conditions

* M_,.=133 Mg
L3 * Spherically symmetric
* Radius = 1000 km

October 30, 2013 |nterior mass (M/MO)



Some Resulis

* Single processor (spherical symmetry)

* 1 million matter test particles
— 385 nuclei + free baryons

Cold soft BKD nuclear EOS
e Weak interaction network

— Electron capture (reduced FFN rates)
— Neutrino-matter interactions
— Neutrino oscillations a la “MSW”

* No fusion or photo-disintegration channels
included

October 30, 2013
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Time evoelution

Interplay of macro- and
micro-scales forces very
large number of
comparatively small time
steps

(c~ 1 ft/ns)

At=107s

=> Mostly boring initial
time evolution (take 1000
steps between frames)

October 30, 2013
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Time evelution
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6; +shell electron fraction
4] cosem————————ssstestsste 090 90 *
24
0 : : :
0 250 500 750 1000
r [km]
10 . .
*shell density [nuclear density]
’ *negative shell beta
| -positive shell beta
10-14
10-2.
oow““"“"oo
10-3{ °
10-4.
10-5.
106. .
107 : : . :
0 250 500 750 1000
r [km] t=0.01000 s



Time evelution
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*shell electron fraction
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Time evelution
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*shell electron fraction
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Time evelution
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*shell electron fraction
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Time evelution
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*shell electron fraction
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Time evelution
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*shell electron fraction
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Time evelution
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*shell electron fraction
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Time evelution
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*shell electron fraction
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Wiy?

* Electron fraction spike “cuts” the core in two
— Proto-remnant “gently” assumes ideal configuration
— Role of nuclear EOS totally different

 How does the spike form?
— P(rey) ~ 0.002p,
— Study neutrino-matter interaction probabilities

* Nuclear structure
* Relativistic electron gas statistical mechanics

* Essential input: neutrino cross sections & nuclear structure
(weak neutral current ~ A2?)

October 30, 2013
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Disappearence of QGP? LPV

Event-by-event charge separation
20-30%¢ 30-40%

P. Sorensen (this meeting)

Charge seperation (thought to be related to parity violating
regions in a QGP) “disappears” below ~19.6 GeV

RANP — jKodama Fest! — September 2013



Superneva Precursor Rotation

Angular —
momentum
conservation

Baryons fall in on
equator;
neutrinos escape
along poles

Macroscopic
parity violation

Finite recoil of
neutron start
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SUMMary
* New solution method for supernova dynamics
— Test particle method

— Link between nuclear dynamics and astrophysics
— Passes all standard hydrodynamic verification tests

 New explosion mechanism
— Shockwave originates ~ 50 km above neutron star surface
— Due to neutrino heating / opacity change
— VERY dependent on nuclear structure and neutrino cross sections
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Mike Lisa:

What enters the texitbooks?
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FIGURE 39.44 Illustration of the

concept of inflation of the early universe.

Afterglow Light

Dark Energy
Accelerated Expansion

Pattern  Dark Ages Development of

400,000 yrs.,

Inflation.

b

Quantum
Fluctuations

Galaxies, Planets, etc.

WMAP

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

of spontaneous symmetry breaking, to illustrate the concept: In liquid water, the water mol-
ecules can have any arrangement and orientation. However, in the process of freezing, this
symmetry has to be broken to force the molecules into the crystalline structure of ice.)

FIGURE 39.45 Eventdisplay from a collision of gold nuclei
the Relativistic Heavy lon Collider. Each line represents the track
that one of the over 5000 particles resulting from the collision
produced in the STAR detector. From these tracks, scientists are
trying to determine the properties of the quark-gluon state of
matter that was created transiently during the nudear collision
and learn about the history of the universe.

Quark-Gluon Plasma

After 107" 5, and lasting until about 107* s, the universe was a mixture of
quarks, gluons, and leptons, forminga plasma. Despite carrying color charges,
the quarks and gluons were asymptotically free due to the high temperature.
At about 107 5, the universe had cooled to a temperature of approximately
2.1-10% K (kg T = 180 MeV). Lattice-QCD calculations indicate that at
this temperature the quarks and gluons coalesced into color singlets.
Amazingly, the quark-gluon state of matter that dominated the early
universe from 107! s to 107~ s after the Big Bang can be recreated in accel-
erator-based experiments today. Experiments at the Relativistic Heavy
Ion Collider (RHIC) in Brookhaven, Long Island, use colliding beams of
gold nuclei with total kinetic energy of up to 20 TeV each to probe the
conditions during the early time evolution of the universe and to produce
small volumes of the quark-gluon matter. However, this state of matter
lasts less than 107" s in the laboratory before it explodes into more than
5000 particles, mainly pions. A collision event recorded at RHIC is dis-
played in Figure 39.45. Since 2010, nuclear physicists also have the Large
Hadron Collider (LHC) at CERN at their disposal. It can collide lead ions
at an energy of 2.76 TeV per nucleon pair, which is 13 times higher than

the energy achieved by the RHIC.



FIGURE 8 (a) The ALICE detector at the Large Hadron Collider during its construction. (b) Electronically reconstructed tracks of thousands of
charged subatomic particles produced inside the ALICE detector by a high-energy collision of two lead nuclei.
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155 AMeV SoKr + 3,Nb

10 fn‘l —————— ——

-10 fm
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Density
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FIGURE 40.32 Time sequence of a nuclear collision, as 4

calculated with a nuclear transport model.
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FIGURE 19.28 Pressure as a function of temperature and volume for 1 mole of ethane. (a) Ideal gas equation of state, (b) van der Waals equation,

(c) Maxwell construction, (d) real equation of state for ethane.
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