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e Explain the time asymmetry from fundamental QG theory.
e Gravitational arrow of time as master arrow of time.

e To explain Quantum Weyl Hypothesis from full quantum
theory of gravity: Quantum Geometrodynamics.
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Quantum Geometrodynamics

® Background independence — Reparameterization invariance —
Existence of Constraints.
Classical H=0 = HWV =0 in quantum theory

® |In GR, Hamiltonian constraint — Timeless Wheeler-DeWitt equation:
ALV = (167 GI2 Gaboo 3557, — 1 (VR —20) ) W =0,

* Superspace: Configuration space for the wave function (h;(x), ®(x))

® Minisuperspace: Superspace with finite number of d.o.f:

e Time can be introduced in semiclassical approximation.

Mritunjay Tyagi (BCGS) Entanglement entropy and Arrow of time February 13, 2023 4/21



Decoherence in quantum mechanics

e Considering the role of Environment:

(ch|n>|¢ |Eo) %chln |®5) [En) (1)

= pPSA Z [Cal? () (] @ |Pp) (4| if (En|Em) ~ dnm )

n
® Pure State: p = |a) (o] = p? =p = trp® =1.
* Mixed State: p = >, pi|ei) (ai| = p? #p = trp® # 1
e Entanglement Entropy (kg = 1):

S = —trplog p — von Neumann entropy (3)

Sin = trp — trp? — Linear Entropy (4)
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Wheeler-DeWitt evolution for the toy model

1 9?2 52 H? 6 6o o N\ B
%@_ﬂ_@—i_aoe (V(¢1,¢2)+mp3>:| \Il(oz,¢1,¢2)—0 (5)
with
V(1. ¢2) = mP (95 + 65) (6)

To simplify calculations
a=ap+S = S=a—qp (7)
where s is shifted intrinsic time with
ao= lim a st =% << 1 M =m? << m? (8)

a—r—00

La—2—672—6—24—516663 ﬁ72(ci>2+¢>2)+§f772A (s, p1,02) =0
m a2 947 0¢8 | ° Tl T

=:V(8,p1,¢2)x€ 9
9
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Wheeler-DeWitt evolution for the toy model

In the limita — —cc i.e. s = 0:

1 62 62 92
m30s?  9¢? 6(;3%} h(S, 1, ¢2) =0 (10)

V(S d1, ) = exp{—i (MpKs + k11 + ka¢2)} — Plane waves 11

K= \/k?+ k2 (12)
As the universe expands:

Vi, ko (S, D1, 02) = Vn(S, d1, ¢2) + V1(S, d1, $2) (13)

Ansatz for Uy: '
Vi(S, ¢1, p2) = E€%°Cy (1, o) MK (14)
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Wheeler-DeWitt evolution for the toy model

(18 v 82) (W + W) = = V(s,61,02)¥5 — V(s, 1, 62)¥1 (15)
m[z) 082 a(b? a¢§ h » P1, » P1y

g ocg?

The solution for Cy is obtained as:

B mRe—i(kipr1+kedz) 5 ” 5 A 4
C1(¢17¢2):_ ° K2+QZ ¢1+¢2+mp§+m(1—
————
=:R2r— 12K
mp
i (k k: 8 k? + k2
i (ki1 + 2¢2))*m( T+ k)
_ (16)
with A := %
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Wheeler-DeWitt evolution for the toy model

The expression for general solution is:

2 (B2 (ks 2 [k _
V(s, ¢1,¢2) =Nexp 72 2<Kmps+¢n> +I(Rmps+¢n>kn

n=1

Z Bn(8)¢n + C(8)45)
n=1

(17)
Similar to the squeezed state!

Linear entropy:
Sin = trp — trpfeg
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Wheeler-DeWitt evolution for the toy model

al2m'C { s:::ib: (s+38)+ } + (higher order terms in a!2m*)
Slin ~ Q >0
(18)
with Q(s) =1 + ¢(...s dependent terms...) such that Q'(s) « &.
a2’ C { 8::2;: + .. } + (higher order terms in al2m*)
fin A >0 (19)

QZ

From semiclassical approximation:

9 233 1 /A 5,33 9 6S|In / 3558|m >0 20
f?t 052 3 93 Og ( )

Thus linear entropy increases as the universe expands and time moves
forward, thus providing appropriate arrow of time.
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Conclusions and future directions

Conclusions

¢ Obtain squeezed states near the big bang singularity = can
develop interaction term as the universe expands.

e Get entropy generation and arrow of time for fields not interacting
explicitly with each other in the full Wheeler-DeWitt picture.

e Entanglement entropy comes out to be very small! — justifying
Quantum Weyl Curvature hypothesis as anticipated.
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Conclusions and future directions

Future directions

® The treatment for toy model in full Wheeler-DeWitt picture can be
used to investigate the case for primordial
fluctuations [Brizuela et. al.,2016]:

a1 B R PR (o)
{e * [Tz~ + 280 - + R0

2

+wk2( 7¢)V£2}\U(O(,¢7 Vk1avk2) =0 (21)

8vk

mg da2 g2 3\751 Vg
Yo (K2R + KEVE) L W(a, b, Vi, Uh,) = 0 (22)

with ‘7k =e “V.
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Conclusions and future directions

Future directions

e In the presence of interaction: Si, = Siin + ag"(...).

e Knowledge of unitarity for Wheeler-DeWitt equation can help
understand entropy generation.

e Get correct behaviour for arrow of time due to asymmetric term.
source: invariant volume measure [ d*x,/—g for Friedmann
universe.

® Relationship between entanglement entropy and thermodynamical
entropy in context of Quantum Geometrodynamics.
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The End

Questions? Comments?
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Wheeler-DeWitt evolution for the toy model

General solution: oo
v= [ dkickeCllr, ko) Vi i 23)

— 00

We choose a narrow Gaussian for C(k1, k2):

— k) _ k)2
Clhy, ko) = fbexp{ ((m k1)2;(k2 k2)>} o4
=

2 -
V(s, d1, p2) Nexp{ Z( (IZ’mps+¢n> +i(l:_gmps+q5n>l_<n>}

n=1

)= 3" (Ba(8)én + C(5)¢2)

(25)
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Wheeler-DeWitt evolution for the toy model

= [ ie'?k2kZm]
diff ~ al?m*C {25912;7" (275%5 + 9575° + 955° + 275" + * + §°5 — 557
+ % (i)’i@’ (s+5+3s5+35%)
_ ezzfil_;_i;ng (3 (5+3)°—(s+ 5)2)> }

(26)
and some complicated expression for Q(s) of the form
Q(s) =1+ £(...s dependent terms) such that Q'(s) « &.
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Wheeler-DeWitt evolution for the toy model

2 (b2 [k, 2 [k .
(s, p1,¢2) —NEXP{ - Z (2 <Rmp5+ ¢n> +i (Rmps+ ¢n> kn) }

n=1
2
1— A=Y (Bagn+ Cs?)
=1
’ (27)
with
4m? im /A A
A(s) =e%5a8i? | — p E( ) 28a
(s) =€"4 14ak2 T 12k \3 T 18 (282)
4jk,m? ib2mys
B,(s) =e%safm?—_P (1 _ P > 28b
n(S) o 144K2 K (28b)
4m, b2
C(s) —ebs 02 Mo < pk > 28¢
() =e™am o U+ 12k (28¢)
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Wheeler-DeWitt evolution for the toy model

In the above expression, dominating terms is diff’

161 2$k2 k2 7

592K P (81s%5 + 18s5% + 95° + 3s® + 255 — &°)

(diff) ~ al2m* 5{

e12$k m6 e12§/_(2m4 1 ie‘2§R2m5
S+ P4 | =22 (1+33)
~ 25026 ° T seabiis T B | 2502k
e'®k2komp »
=P (9(s+8)°-2(s+8
2592K® ( (5497 —2( )>
(30)

(diffy >0 = S

I|n
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