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@ Dark Matter and Dark Energy problem

9 Friedmann equation < Raychaudhuri equation

© Quantum Friedmann equation <~ Quantum Raychaudhuri equation
@ Dark Matter and A from a Bose-Einstein Condensate

© Potential origin of a small positive Cosmological constant
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Dark Matter, Dark Energy
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Matter-energy content of our Universe
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What constitutes Dark Matter?

What constitutes Dark Energy/A?

Why is A positive?

Why is A tiny, about 10_12365,2 where £p; is the Planck length?

(p = [Emax dik I2\/KZ + m2 = Kb, > 10% pp)

Currently ppm = pr = perie = 10720 kg m=3
~

Ac? 3H2
4G —0
87 G

Why? The ‘coincidence problem’
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Friedmann equations

Spatially flat FLRW Universe
d52 = —dt2 =+ a(t)2 [dr2 + r2(d92 + Sin2 9d¢2):| [a = scale factor = 1 Now]
=5 (pt3p)
= (3 =5 o d = (1425
p+3H(p+p)=0

Raychaudhuri — Friedmann Equation [6 = Expansion]

o _ 1, J

0
dr 3 <

— 0250 + wopw? — Reguu

0= 32 s Rcducud — %(p + 3p) (Einstein eqns.)

2=-"C(p+3p)

a
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Raychaudhuri Equation and Singularity Theorems

Conjugate points

Velocity field

c c d, c c c,d
= Ugcl — U Uz + Repa Ut ug = —u puac + Repag U U
——

=0(geod.eqn.)/ .,

Symmetric part: oap = U(gp) — %habe
Anti-symmetric part and trace: wap = U[gp; 0 = habua;b; , hap = 8ap — Ua Up
Decomposition: u,., = %Ohab + oap + wap

do 1
di = _592 - O—abo-ab + wabwab - Rcducud <0 [Raychaudhuri Equation]
T
If 6o = 6(0) < 0 (initially converging)
FOCUS/Ca ustic for 7 S |0370‘ Geodesics end in finite time! — Spacetimes are singular!

A. K. Raychaudhuri (1955), L. D. Landau, E. M. Lifshitz (c.1959 ), R. Penrose (1965), S. W. Hawking-and R.-Penrose=(1970)
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Quantum Raychaudhuri Equation - 1

But: Raychaudhuri Equation/Friedmann Equation are classical

So: Compute quantum corrections and study consequences

iH
dr

b_ Ryuu? + Tr[(uaec u®).p)

1
= —502 — 0207 + wopw?
=0

How does this (geodesic equation) change on quantization?
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Quantum Raychaudhuri Equation - 2

Classical fluid (u;) — Quantum fluid (V)
Geodesic equation — Klein-Gordon equation

o+ mElw=0

V(x) =R(x)e®™) R SER,

— _ ~dx, _ Ik > _dZ _ _ 2VS
ka—aas, Ua—Cd_[‘_;—ma7 V—df)t(——Cm
Imaginary part of the KG equation: (93 (RzaaS) = 0

2
Real part of the KG equation: k2 = % + DTR

2 b
' 2
Ugua = m (DTR) # 0 (i.e. geodesic equation + Quantum potential Vg = % DTR)

Quantal trajectories are not geodesics! )

Quantum Raychaudhuri equation

2
% = —% 92 = O‘abUab — CdUCLId +%hab (%)ab {— Quantum Correction O(h?)

S. Das, Phys. Rev. D89 (2014) 084068 [arXiv/1311.6539)]
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Quantum Raychaudhuri Equation and no Singularity

Theorems

No-crossing of quantal trajectories

2VS
o0S

J=dX _
V=g =—¢

@ No focusing, no conjugate points, geodesics go on forever

@ No singularities! (all because of 7)
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Quantum Raychaudhuri — Quantum Friedmann Equation

FLRW UniVerse: d52 = —dt2 + a(t)2 [dr2 —+ r2(d92 —+ Sin2 0d¢2)] [a = scale factor]
0 =32, Rguu?— *ZE(p+3p)

) 2 OR
i_ _4nG 0 pab [ =
i A <R>b

e
3
2 OR
/\Q - Phab ( R )'a'b — Wavefunction-dependent Quantum correction

Consequences

@ No crossing (e.g. at the Big bang)

S

—infinit
Ribed Y

Big-bang

Integral curves (streamlihes)
DO NOT CROSS OR MEET

S. Das, IJMPD 23, No. 12, 1442017 (2014) [arXiv/1405.4011]
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Bose-Einstein Condensate (BEC) as Dark Matter - 1

OrR
a 47 G ab
$=-1E(pr3p)+ g oh (447)
a 3 (p p) R "
%,_,
Ao
W(x) = R(x) &5 = BEC wavefunct|0n7

Dark

Light bosons as DM = no small scale structure

BEC = DE (= DM/A) via its (repulsive) Quantum Potential

o

o

@ Macroscopic Quantum state

(]

e Few assumptions and free parameters
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Bose-Einstein Condensate (BEC) as Dark Matter - 2

Is the critical temperature (below which a BEC forms) high enough?

Critical temperature = T,
Universe temperature = T(a)
Boson mass = m eV//c?

PDM = 0.25 )Ocrit/a3
No. density = ¥ = 0.25 Lt

e (MW \YB e ((0.25 pei/ma¥) 72\ 49
Tc(a)_f(( ) ) B(( pnw)a) > 49 K

T(a) = %! K, a = scale factor

T(a) < Te(a) Va — m <6 eV/c?> = BEC forms in the early universe

BEC density = DM density

v
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Quantum Potential of BEC

BEC = V = Quantum potential!

2,2
‘ Macroscopic BEC wavefunction ‘ Y = % e’ /U = R(X)

pom = V> < &, [aV|VP =N

47rGQC,, + TQ

|

Ao = m262 h? (%) b 24 (mLLC)2 % = constant!

S. Das, R. K. Bhaduri, Class. Quant. Grav. 32 105003 (2015) [arXiv:1411.0753]
S. Das, R. K. Bhaduri, Phys. News (special S. N. Bose anniversary issue) arXiv:1808.10505
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BEC Wavefunction W - 1 (from the Newtonian limit)

T _ _10-123 p—2
Newtonian limit, Rspace = 0, Rspacetime = 10 o

. GMm _ G(47r3 € perie)m _ -
mi=—250 = ——3———"—  r=na(t), e~ 025
a 47TG 2
- == —— € it — —W Raychaudhuri Equati
2 3 Pcrit aychaudhuri Equation
BEC in a harmonic trap for t < Hgl (14 Gyr)
. mwr? m(4m G € peri /3)1/2’2 _i
Quantize - W =R(a)e” 2» = R(a)e” 5h = % e 2
o2 = 2h
m(47 Geperir/3)1/2
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BEC Wavefunction ¥ - 2

a(t) = ap + a1(t) = constant + slowly varying

V¥ = WYy + V; = time-indep. + slowly varying

2/ 32 R _ 2
R= Sy e/ = B (23392> O
= tlme—indep. slowly varying

Ng = /\(C?) + /\g) = constant + slowly varying
How slow is slow? (2}, < 1)

a(t) o (t — t)T9  (Matter/radiation. p = wp, w =0, 1)

a(t) = agett  (de Sitter. p=—p, w=—1)

At=t—-t1 <t — ( Matter/radiation)

current time - ref.time < ref. tlme BB

At=t—t; < Hy' >~ 16 Gyr (de Sitter)

Don't go too far in the past!
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Ag from quantum potential

2
/\Q = %hab (%)ab = 871Ge Pcrit (independent of m!)
A
PN = ZxCc — 2 € perit
PDM = €Pcrit
2\ N—
PDM
PN = PDM

Saurya Das September 29, 2021 16 /17



@ What constitutes DM? BEC
@ What constitutes DE? Quantum potential of the BEC
@ Why is A positive?
Because negative gravitational potential = positive Quantum Potential

e Why is ppm ~ pA = perit?

Because |Quantum potential | = |classical potential| for stationary
states )

o We get pp = 2 ppm, because (i) ppp o< 1/a%, pp o< constant
(i) all bosons not in the ground state

o Prediction: ultralight bosons of m < 6eV//c?. gravitons? axions?
o Prediction: A has changed in the far past and will change in the future

@ Interacting DM and DE model and estimate m from data (M. Sharma,
S. Sur, SD, arXiv:2102.03032)

o Full quantization of gravity/spacetime?
Saurya Das
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