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- *defined? Some real Casnmlreffect |

., *Aprinciple that fixes f _aﬁ,b,guny n zero

point energy. . % ' .

« Consistent back-reaction and consequences -
© for cosmo]ogy ' ' :

-

.
» p) r . »
- .



— - e S = e

|

- The Classical Cosmological Constant
and its measurement
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Einstein’s 5 1 Aldo AL srclr
° | pwr = Y Guv i) = ST Ly
equatlons. 2 cosmological SOufces
pure geometry constant \_/'
View CC as source: move to right side
1
Ry = 59w R = 87G (T + T2,)
A
TA]/ I _—g 14 ° °
G Einstein’s
greatest
-1 é}) = pp = an energy density blunder?
Astro
pr =0.7x107* g cm ™ = 2.8 x 107*" Gev*/h’c’.
measurements:
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specialize to expanding universe:

metric: ds® = g dade’ = —dt* + a(t)?dx - dx.
i time dependent scale factor
iy =tdiaa(otpinipit p = energy density, p = pressure
Einstein’s a\® _ 8rG
equat i0nS: o) — 37 Friedmann eqn.
_ _af@
P=72\4 (p+p) energy conservation

At the present time to :  a(t) =1,  @/a= Hy = Hubble constant

HE =

Srlz

i

p. = total energy density = praq + pm + pa
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Composition of the universe:

radiation :  Praq = Prad/3, —> prad/pe = Qaa/a’
non — relativistic matter : py, = 0, = P/ pe = Qm/a’
cosmological constant : since T’ :L\V X Guvs DA = —PA = pr/pe = O

Friedmann equ:




: Radlatlon s’ currently neghglble to a very good
' .Tapprommatlon o

; .The soluuon tO a(t) depends only on Qm and QA
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e Infer the (Ium'

e d depends on

< Usually exprésse
than t.

Best fit: QA% 0.72 Only out'to z < 2!



What is the problem?

it

e The cosmo. const. A could simply be a new
fundamental constant of nature. No problem.

e the Problem arises when pa is identified with a
zero point energy density in Quantum

Mechanics. l.e. pa = pvac = <vac| H |vac>

e Could be the first experimental observation of
an effect that involves both gravity and QM.
This Is important, even though gravity does not
need to be quantized here.

e Next: review zero point energy of harmonic

oscillators. QFT is just an infinite collection.
8
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Zero point energy of harmonic oscillators
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Bosons: il r .
s— [ a (5& i 7&) b=
b = (ae—iwt_|_aT€iwt) /m [CL,CLT] i

1
hamiltonian: H = w(aTa R —)

Fermions: action 1st order in derivatives (Di:x Opp osite

s = [ (0% - o - wipy) sign!




bosonic spectrum:  E, = w (n + 1/2)

Question: Can zero point energy E, = 0/2
be measured in QM? (ignore gravity)

No!

e As In classical mechanics, the hamiltonian
can be shifted by an arbitrary constant with
Nno measurable consequences.

e Casimir effect? Later.....
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Second quantization: annihilation operator

ar for each wave-vector k with oy = V(kz + m2):

N, — N;
Pvac = 9 zk: Wk =

@y

d*’k
27)3

\/k2 + m2|a

k. = UV cut — oft

(Np —

Ny)

k4
1672

e For ke = Planck scale = 10"° Gev, this is

larger than the measured pa by 120 orders of

magnitude.

e \Wrong sign!

fermions.

In standard model,

Nb.f = numbers of bosons,

N> Np
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| Scrutinizing..... |

e At least 2 aspects are uncomfortable:

o Is this kc* contribution real? It's a constant
and we said energy was only fixed up to an
arbitrary constant.

e How does the calculation change in curved
space, like an expanding universe?

e To address “Is it real?”, re-examine Casimir
effect.
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** Is it real?

1
Jl
|

Feynman and Wheeler: “There is enough vacuum energy in a teacup to

boil all the Earth’s oceans.”

Schwinger: “....the vacuum is not only the state of minimum energy, it
is the state of zero energy, zero momentum, zero charge, zero
whatever.”

Would you invest money into developing vacuum

energy into the ultimate sustainable resource?

This is the ndtizvale covirenwestal filn—f affers read selutiont.
Witk the el of fossel fuels in siphe, the race 8o save the plaet is onf

4..”’_“ Nonobsen
EM c'.':.:r.q)
FREE ENERGY , s
THE RACETO . i Lraual s 3’ L |~
| 5 ‘® 9*
V.

able
fl;l



— =i —— i e — _

| The Casimir effect is real. But.....

— e — ——— m— ——— = —

separation = /

7/
. ‘
Va.
‘/ Korce="H(/)= - dEL(0)/de.

Casmw}r iy /

plates fluctuations

energy density: pfgi — 2 / 72004 (derive later)

Note: an arbitrary shift of the vacuum energy

does not change the measured force! All
that matters is it’s I-dependence.

iIObviously an IR eftect!
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Just change boundary conditions: join plates at edges to have periodic b.c.

One compactified
/ spatial dimension of
circumference [3

2 dim’l space + time

Relation to Casimir: OSN3 5T (1Bl =12}

d’k
=55 3 [ VIO F GanJBP =~ T (=3/2)G(=3) + gonst,

divergent as UV cutoft
K icot

We used Riemann zeta
function regularization.

quantized modes‘on circle
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Quantum Statistical Mechanics viewpoint.
| _ : -

— e — — ———

Passing to euclidean time t=-1T, Qv Is just the finite temperature free
energy on the cylinder with circumference [3 = 1/T.

Euclidean time T

L with circumference
B=1/T

\ 3 dim’l space

Quantum Statistical. Mech.
gives a very different s ik RS LS 1
. pvac__ 310g(1_€ >__/8 3/2 ==y et 57
convergent expression. BJ (2m) 2m320(3/2) 90
Problem seems to disappear.

= —p*%T(=3/2)¢(-3)

black body
Aside:
Same as before due to a non- £(v) = £(1 — v) where £(v) = 7721 (v/2)¢(v)
trivial identify connected with
the Riemann hypothesis; —> &(1/2+1y) is real if y isreal. RH : Only zeros of ((z) exist at y # 0
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- Some proposed solutions

e Two kinds: UV solutions: add structures that
are not yet known to exist. [R solutions

e SUSY: originally attractive idea when the
CC was thought to be zero. Now ruled out
since SUSY scale at least > GeV. (UV)

e Anthropic reasoning®. Still a possibility.
Can only be ruled out by discovery of the
correct explanation of the Cosmological
Constant Problem. (UV).

e Our proposal: an IR effect. Analogy to
Casimir effect. Will need fermions to get

repulsion.
17
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Our hypotheses and consistency

*(T,,) = (vac|T,,|vac) depends on choice of Ivac>

* chose Ivac> so there is no particle production.

* calculate Prac = (H) = (vac|H|vac)

i ASSUIHC <T,uy> — ~ Pvac Juv implics i) SE S ()}

* Impose the stability of empty Minkowski space:
zero-point energy is fixed by requiring Qvac =0
when a(t) is constant in time.

* include Qvac (a(t)) as a source in Einstein’s eqns,

and require self—consiseglt back-reaction.
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ii What to expect.....a preview:

| B —

By dimensional analysis with k.= UV cut-off, there is an ‘adiabatic’ expansion:

S

Pvaco = J* HE2 R+ RQ+\
/ I

both UV & IR

R is related to the curvature and is a linear combination of (@/a)? and i/a,
depending on the choice of |vac)

IR

uv

H UV term is just a constant which we will set to Coleman (1990%): “....the cosmological

zero using the arbitrariness of zero-point of Energy:. constant is the mass of a box of empty space.
You can always fine-tune it to zero. And

nobody will say you can’t do 1t, but nobody
will applaud you when you do it, either.”

X IR term is very, very small in the current

universe, so we will neglect it.

¥ According to our principles, we must keep the dominant mixed term,
which vanishes in Minkowski space. It IS physically meaningful because it
depends on time variation of the scale factor a(t), by analogy to separation
of plates in Casimir effect.

19



__ The QFT calculation

1

i 2
Scalar field in curved spacetime: S = / dt d*x +/|g]| (—5 g 9,90, — %CI>Q>

DS Dt = /dt d3x% (@x(%x —~ éﬁx . Vx — m?2x? + A(t)x2>
A(t) is like a time- 43 ((a)2+2d>
4\ \a a
dependent mass?
3
Expand field in modes: AT / (chr)l; 5 (ak ue €% + alut 6—z‘k-x> | G B AU

1 t

— | W(s)d
Solution: e = oy P (Z / (5) S>,
(WKB) where W satisfies the differential equation:

3 . 1 ..
W? = wp + Z(W/W)2 — 5W/W

20



For massive particles in adiabatic approximation: W = wy

. . 1 1 A’k
. (iltie gy 2 2RIk
This gives: praco = o (H) = 5 / - VK2 +m2 — A,

ke
Introducing UV cut-off k. : prac R AN 25 A

AN = N; — N,

One generation of Standard Model : Ny = N, = 30, — need at least 2 generations

Fortunately

3 generations : Ny — N, = 60 Positive!

This is the correct order of magnitude:

If Fk.~3x10" Gev, then [ Pyac R 10_2gg/cm3 J

21
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Since Qvac depends on time derivatives of a(t), it leads to a backreaction
on the geometry. This must be solved self-consistently:.

: 2 3
Including Qvac in the Friedmann eqn: (1 4k g) SRR (DO
SN 3 a 3
JAN
where g is the dimensionless constant: g = 5 Gk’

Using Einstein’s equations, one can infer the pressure of the vacuum energy:
I

Praciaiinin Pyvac

This is only consistent with energy conservation if g=1.

This implies Qvac 1S constant in time.

29



2
Dividing by 2 5 (E) o 9 _ Q_m 4 Qrad |
critical density: 3H; a a a3 at

In the current universe, Q.4 is nearly zero.

The solution with no radiation is: a(t) = (7) {smh(?)\/ﬁH ot/ 2)}
p;ac — U which implies that 4+ €2, =1, i.e. p is just Q.

> Our vacuum energy mimics a cosmological constant!

> The above solution a(t) is indistinguishable from the ACDM model of the current
universe.

> When radiation is present our vacuum energy becomes time-dependent, and thus
differs from a simple cosmological constant. This doesn’t occur unless there is
appreciable radiation, i.e. fairly large redshift z.

> Our model agrees with observations at least up to z=100.

23
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7 Coﬂlpanson of &1r model wxﬁm standard c‘bsmology;
‘i.e. matter + radla,tlon + cosmologlcal constant.
Expansmn rate H as a functlon of redshlft z
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*, Mimics a cosmological constant! *



e

Massless particles. Inflatio

N

> Another choice of vacuum is consistent with a radiation dominated universe.

> Mathematically, there are corrections from the “WKB” formula when
particles are massless:

t
ug = \/;W exp (2/ W(s)ds) ,
Recall: where W satisfies the differential equation:

3 . 1 ..
W? =i + J(W/W)? — oW /W

—>
Modifies wx
Ok = op = k* — Ra?/6.
R = 6((a/a)*>+a/a) = Ricci scalar (curvature)
k? 1
e © AN | —=R — R’
9672 460872
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> new vacuum energy is constant in time when only
radiation is present.

Prac

Pi

Qrad

v

1/4
Solution:  a(t) = ( ) \/ sinh(2H+/v 1),
> In the very early universe, there was only radiation.

> It’s vacuum energy behaves like a cosmological constant.

> INFLATION is essentially explained by a cosmological
constant, but much larger than the presently measured one.

> When H = 0ca/a is large, must keep the R2 term in Qvac
> The Friedmann equation is an algebraic equation that

fixes H - ke in constantly expanding (de Sitter) space.
About the right magnitude.

Roughly, Friedmann implies
Hz - (ke R - Rz )/ke?
R-H = H-k

26
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(Quantum mechanics as the origin of

s = — = — — ——— —— — =

Gravity

_ 3AN

G k?
T T

Interpretation of g=17 Recall: g

A “derivation” of gravity from quantum mechanics:
* First Law of Thermo: dE= dQ-pdV
* dQ =0 in closed universe (adiabatic)

* Identify internal energy dE = Qyac dV

: 2 . $
* First Law reads becomes the spatial Friedmann eq! (g) +2 g =Gl
Using energy conservation, <a>2 e
: e P el
can derive 1st Friedmann! \a 3
where G = 1T is emergent

Should we abandon trying to quantize
MG 4
gravity, since it’s already a quantum effect:






