
C. Balázs, Argonne National Laboratory Naturalness of the vacuum energy in holographic theories University of Wisconsin, May 15, 2006     1/22



Naturalness of the vacuum energy

in holographic theories

 Cosmological constant: 

                        not  a fine-tuning problem!

 Energy-entropy duality and

                        holographic quantum statistics

 Not solved, yet ...
 

 

  C.Balázs and I. Szapudi  hep-th/0603133
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The "cosmological constant" problem

 

   Quantum theory

 

r = 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅH2 pL3  
0

MP EÅÅÅÅÅÅ2  4 p E 2 „ E = 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ16 p2 MP
4

 

   Observation (gravity)

 

r = 3ÅÅÅÅÅÅÅÅÅ8 p  H 2 MP
2 = 1.84 x 10-123 MP

4
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The vacuum energy problem

 

   Typical solution

Something forbids/cancels/fine-tunes the vacuum energy

Something else (re-)generates a tiny vacuum energy

???
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The vacuum energy problem

 

   Holographic solution 

Quantum fluctuations generate vacuum energy

Gravity limits the amount of quantum fluctuations

¤
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The holographic screen

 

   Event horizon

R = 1/H

 

   Horizon area of observable Universe

    

A = 4pR2

C. Balázs, Argonne National Laboratory Naturalness of the vacuum energy in holographic theories University of Wisconsin, May 15, 2006     8/22



C. Balázs, Argonne National Laboratory Naturalness of the vacuum energy in holographic theories University of Wisconsin, May 15, 2006     9/22



Entropy limit

 

   Cosmic holography conjecture 

 

S § pR2

 

   Degrees of freedom are limited by the area of the horizon
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Temperature of the horizon

 

   Gibbons-Hawking 

 

T = 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ2 pR

 

   Temperature of an adiabatically expanding system
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Holographic solution of the vacuum energy problem

 

   Holographic estimate of the vacuum energy density

 

r = EÅÅÅÅÅÅV = S TÅÅÅÅÅÅÅÅÅÅÅÅV § 
pR2 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ2 pRÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 pR3

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ3
 = 3ÅÅÅÅÅÅÅÅÅ8 p

1ÅÅÅÅÅÅÅÅR2

 

   Exactly the same as the gravitational prediction

r = 3ÅÅÅÅÅÅÅÅÅ8 p  H 2
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Gravity is holographic

   Schwarzschild black hole

E = RÅÅÅÅÅÅ2

S = pR2

r = EÅÅÅÅÅÅV = 
RÅÅÅÅÅÅÅÅ2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 pR3

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ3
 = 3ÅÅÅÅÅÅÅÅÅ8 p

1ÅÅÅÅÅÅÅÅR2

 

   Gravity must also restrict   

r = 1ÅÅÅÅÅÅÅÅÅÅÅÅ4 p2  
0

•
E 3 „ E
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Holographic quantum theory

   Gravity Ø holographic entropy limit

S § pR2

   

if   T = 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ2 p R    then   S § 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 p T 2

   Quantum system

Lim
T Ø0

 S(T) = 0

   Conflict between holography and the 3rd law!
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Energy-Entropy duality

If   S = 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 p T 2    then   Lim
1ÅÅÅÅÅÅÅT Ø0

 S( 1ÅÅÅÅÅÅT ) = 0

TD = 1ÅÅÅÅÅÅT

dE = T dS = 1ÅÅÅÅÅÅÅÅTD
dS

ED = S,   SD = E

dSD = 1ÅÅÅÅÅÅÅÅTD
 dED
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Dual thermodynamics

   1st law

dE = T dS - p dV + m dN 

dSD = 1ÅÅÅÅÅÅÅÅTD
 dED +

pDÅÅÅÅÅÅÅÅTD
 dVD - mDÅÅÅÅÅÅÅÅTD

 dND
 

  2nd law

dSD = T dS - p dV + m dN ¥ 0     

  if          -p dV + m dN ¥ 0
 

  3rd law

Lim
TDØ0

 SD(TD) = Lim
1ÅÅÅÅÅÅÅT Ø0

 E ( 1ÅÅÅÅÅÅT )

for a black hole: E  = 1ÅÅÅÅÅÅÅÅÅÅÅÅÅ8 pT  öøøøø
1ÅÅÅÅÅÅÅT Ø0

 0
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What does Energy-Entropy duality mean?

T   =  1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 pR  = 1ÅÅÅÅÅÅÅÅÅÅTD

RD= 1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 p TD
 = 1ÅÅÅÅÅÅR

   T-duality

R ¨ 1ÅÅÅÅÅÅR

   AdS/CFT

black hole ¨ quantum gas

   It from bit!

ED = S,   E = SD

C. Balázs, Argonne National Laboratory Naturalness of the vacuum energy in holographic theories University of Wisconsin, May 15, 2006     17/22



Holographic quantum statistics

   One dimensional Fermi (Bose) gas

     ED = pD VD = VDÅÅÅÅÅÅÅÅÅ2 p  
0

•
f e, TD, mD  e „ e

               ND = VDÅÅÅÅÅÅÅÅÅ2 p  
0

•
f e, TD, mD  „ e

f e = ‰He-mDLêTD ≤ 1
-1

SD = 1ÅÅÅÅÅÅÅÅTD
 ED +

pDÅÅÅÅÅÅÅÅTD
 VD - mDÅÅÅÅÅÅÅÅTD

 ND

   Quantum effects small if
mDÅÅÅÅÅÅÅÅTD
` 1
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Holographic quantum statistics

   One dimensional Fermi gas

     ED = pD VD = 4 p2 VDÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ3  1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ16 p T 2 - 3 log 2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 p3 T 2  m + O m2

     

     SD = 4 p2 VDÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ3  1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ8 p T - 3 log 2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 p3 T  m + O m3

     ND = 4 p2 VDÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ3  3 log 2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ4 p3 T - 3ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ8 p3 T  m + O m2

   Quantum effects small if

m ` 1
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Holographic quantum model

   Application for black holes

E = SD = RÅÅÅÅÅÅ2 + O 1ÅÅÅÅÅÅR      

if    VD = 3ÅÅÅÅÅÅÅÅÅÅÅ4 p2

S = ED = pR2- 3ÅÅÅÅÅ2  log p R2 + O 1ÅÅÅÅÅÅR      

if    m = pÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ16 M 2

N = ND = 
6 log 2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅp2  M

   2nd law of dual thermodynamics holds

dVD = 0   and   mD dND § 0
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Holographic quantum model

   Reproduced black hole properties

E ~ R ~ 1ÅÅÅÅÅÅÅT ,   dE = T dS,   E = 2 T S   for m = 0

S = pR2 - 3ÅÅÅÅÅ2 log(pR2) + O( 1ÅÅÅÅÅÅR )

N = 
6 log 2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅp2  M/MP

dim(VD) = 1   and   VD = 3ÅÅÅÅÅÅÅÅÅÅÅ4 p2 LP

entropy cutoff ¨ dual Fermi/Bose distribution

energy cutoff ¨ dual Fermi/Bose distribution
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Conclusions

   Degrees of freedom are limited by the horizon Ø

      vacuum energy density small

   Vacuum energy density never reaches large values  Ø

      the worst fine-tuning problem in the history of science

      is not a fine-tuning problem!

   There is an extra dimension and we live in it

   

   The physical DoF are mapped from/to a holographic screen

      defined by the event horizon
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