handrasekhar Lecturgll
From CMB to circulation:
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RELATIVE DIFFERENCE

Critical scaling (W,K,FW) Kolmogorov

: f (k,Re = @3k >/ Rkh)
f(t,h) ~t=2g(h/] | )
x ~tng(h/|t ) <Du>= €9 (h)
t=(FT)/T, Walllayer scaling
Universality dU/dy = (1/k)@u./y) f(yu./n)

Normal scaling
<Du P> =C (re)’3in IR

Anomalous scaling

<DuP>~r>

with <Du 3> =-(4/5)er (in IR)
o =y ESS

~0.31— . . : - <DU|,3> :-(4/ 5)er
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Today - 14 billion years
Life on earth - »

Acceleration — 11 billion years

Dark enesgy dominate
Solar system forms\ * gae, @

Star formation peak -3 MO
Galaxy formation era\ y
Earliest visible galaxi 700 million years ————

»

Recombination aoms tom \——+=7400,000 years
Relic radiation decouples (CMBAQ™ B~ . R S~

L

Matter domination 5,000 years

Onset of gravitational collapse

Nucleosynthesis — 3 minutes —

Light elements created - D, He, LI .
Nuclear fusion begins ——— [.01 seconds —

»

Quark-hadron transition

Protons and newtrons formed

Electroweak transition
Eleciromagnetic and weak nuckear
forces flirst diflerentiale

Supersymmetry breaking

Axions elc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate
Inflation

Quantum gravity wall

Spacetime description breaks down




TheCMB is a snapshot of the oldest light in our Universe, imprinted on the sky when the
Universe was just 380 000 yeats (it is now about 13.7 billion years oltt)obeys
blackbody radiation accurately (with a mean value of about 2.7K).



with A.BershadskKii
/ Physics Letters A 319 (2003) 21-23
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Clustering exponent
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Stipulation: Circulation around a

contour plays an important role in
aerodynamics, and can be an

Interesting property to examine in
turbulent flows  (with K.P. Iyer & P.K. Yeung)

Circulation around a contour of area A

G zgﬁu. d =QQw.n dS \
AT TE area A
r =sqgrtA



Previous work on the subject of scaling of circulation in 3D turbulence

Theory
A MigdalAA (1994)nt. J. Mod. Phys. %11971238

A MigdalAA (1995) in a Summer School Proceedings published by Gordon and
Breach (ed. V.RlineeV), pp. 17¢204

Experiment (using P1V)

A SreenivasaiKR JunejaA, SuriAK (1995Phys. ReLett 75:433:436.
Wake behind a cylinder: Re = Wi{ 190- 4540

A Zhou et al. (2008 J. Fluid Mect98 361-372. RayleigiBénardconvection

Direct numerical simulations

A UmekiM (1993 J Phys. Sodpn 62:3788;3791. DNS, 128

A CaoN, Chen SSreenivasaikR (1996[Phys RevLett 76:616¢619. DNS, 256and
5128

A BenziR,BiferaleL, StrugliaMV, TripiccioneR (1997 Phys. Rev. B5:373%3742
Kolmogorov flow, DNS 160

Present

Box sizéb12¢ 8192, R = 200¢ 1300

The 8192simulations are discussed Yeunget al. (2015)PNASL12 12633; resolution
abouth. (Preliminary data from 16384ube will not be discussed.)




Table 1. Isotropic DNS database: N° is the number of points on
a Lg grid with Ly = 27 units, R, = u'\/v is the Taylor scale
Reynolds number where u’ is the root-mean-square velocity fluctu-

ation, A = v’/ \/ ((Bu/8x)?) is the Taylor microscale, v is the kine-

matic viscosity, L ~ Lg/5 is the integral scale, n = (v3/(¢))'/* is
the Kolmogorov scale, Az = Lg/N is the grid spacing and (¢) is the
mean dissipation rate. The results have been averaged over a time
span of about 5 large-eddy time scales (L/u’).

N3 Ry L/n

512 200 188
20483 400 402
4096 650 774
81923 1300 2274

Y, million processors, some preliminary calculations using a grid of size’16384



4096°, R =650

104 A=32x120 —=—
5 A=40x96 —
10—6 A=64x60 ——
10 A=80x48
10 o '
-10 -5 0 5 10
Gp/3G°, 872
L Circulation statistics depend
onlyon the area of the loop,
< not on its shape
L, (as long as the largest dimension is contained

within the inertial range)

L, and L are within the inertial range
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Scalar area rule:G>> ~ A3
Vector area rulegG,>> ~Al/3
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Scalar area rule holds, not vector area rule
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