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100 birthday anniversary of
Matvey P. Bronstein,
professor of Leningrad State University
1906 — 1938

70 Years of his first steps
towards Quantum Gravity and
Dark Energy Advent
(1933;1936)

"Bydywas ¢pusuka He yOepxum mo20 cmpaHHO20 U
HeydoesiemeopumesibHO20 OesieHUsl, Komopoe cdeslasio KBaHMo8YyH
meopuro "MUukpogu3ukol"” u NoOGYUHUJIIO ell amOMHbIe sI8JIeHUsl,
pesismueucmcKyro meopuro msi2comeHusi -- "Makpogu3ukou”,
ynpaensrowel He omoesibHbIMU amoMaMu, a JIulWlb
MakKpockonu4deckumu menamu. Pusuka He 6ydem deslumbcs Ha
MUKPOCKOIMUYECKYH U KOCMUYECKYI: OHa O0J/DKHa cmamb U cmaHem
eOuHoU u Hepa3oesnibHoOU."

“...Future Physics will not be divided into a microscopic and a
cosmic one...”

M. . BpoHwTenH, 1930 2



(4 + 1)-dim. fermion model with strong four-fermion interaction
B (induced) gravity

Thick (= Fat) Brane generation: spontaneous breaking of transla-
tional invariance — domain wall pattern of the vacunm state

< Brane World generation in AdS;: light fermions, scalar and mass-
less gravitons live on a (5+1)-dim. brane

o (5 + 1)=dim. cosmological constant is zero! Brane World is essen-
tially flat

< Counpling of scalar matter to quarks and leptons is suppressed —

scalar matter = Dark Matter



Trapping of fermions on (3 + 1)-dim. brane

Dim-5 fermion bi-spinor (X}, (X,) = (z,,z) coupled to a scalar field
P(X),

['af"}-‘t..t@“ — P(X) ]L‘(X ) =10, Yo = [A."'.ih —1s) {"."'a T3 lL = 20ap

Trapping of light fermions on a four-dimensional layer
== domain wall == thick brane, localized, say, at z =0

is promoted by a topological, background configuration of scalar field
(P(X))o = p(2),
owing to zero-modes in fermion spectrum:
(—0,0" — M3 (X) =0;
m: = —0 + ¢ (2) — w¢'(z) = M P+ m> Pr
where P p = %Ll + ~5).

From the viewpoint of dim-4 Minkowski space-time ¢/(.X ) assembles

an infinite set of dim-4 fermions.



An important example, a "kink” background,

Normalizable zero mode appears in the mass operator ﬂ:_'.%’r
Wi (z, 2) = Yr(x) o(2) o(z) = M/2 sech(M z)

Weyl fermion arises |



Fermion spectrum pattern
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Heavy Dirac fermions have masses m > M, being de-localized in the

extra-dimension. For light particle scattering with energies < M all

physics interplays on the brane with thickness ~ 1/M.



Quarks and leptons of the Standard Model are mainly massive.

Therefore, for each light fermion in the Brane World one needs
two five-dimensional proto-fermions (X ), 1/5(X) to generate left- and
right-handed parts of a four-dimensional Dirac bi-spinor as zero modes.
Those fermions have clearly to couple with opposite charges to the
scalar field ®(X ), in order to produce the required zero modes with

different chiralities,

) . 0 o - 1)
[?' fj _ T3(I){‘Y}]l1' [\‘YJ =0, @ — A."'na ; ]'I"LA ) = e
(X))
where 4, = ~, @ 15 and "Pauli matrices” 7, =1, 2 0,, a=1,2,3.

In this way one obtains a massless Dirac particle on the brane.

r i';'ﬁL{:I‘;] f-";‘u[f.'} —+ 1;{'{}(] ﬁ
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The next task is to supply it with a light mass.

As the mass operator

bz )hx) = r(x)p(z) + Pp(x)Yp(x)

mixes left- and right-handed components of dim-4 fermion it i1s em-
bedded in the dim-5 Dirac operator with the mixing matrix mym;y of

the fields (X ) and 2(X ).
(X )mm ¥ (X) = -m.f(rﬂl(X]ﬁ!g(X] + rﬂg(}()r,-"hl[}(])

For dynamical fermion mass generation one introduces the second

scalar field H(X ) to make this job, replacing the bare mass,

Timyg — T1H (X)



S-dim fermion self-interaction generates composite scalars (X)) and H(x)

2
N; Ny N;
L JJ{TJ;, IIFJ./] = ﬁj ] @‘I'j—l—ﬁ Z"I_’jTgllfj —IY INAS Z Ggﬂ;gm N T1‘I'L‘I’3T1‘I’m
j=1 T =1 i k=1
Ny - NA3 . NA3
— N"U.(i@— 7P — g H)V; — —— & — - H?
; (i P H)Y; - — .

where N =2 x 3 x N, + (1.5 +2) x 3 ~ 225+ 24 is the total number of
5-dim fermion species related to the Standard Model.
The average go = > g% ; /N., and relative constants g; = ¢2;/,/g2. They

N ‘ . ST 2 —
determine fermion masses. In SM: ¢, >~ g7, g > 1.

Composite scalar fields: @ ~ > W, mW;; H o~ WngV,
A 1s a compositeness scale for scalar bosons emerging after the break-
down of the r-symmetry.
T-syminetry:

v, —nv;,; ¢®— —-®;and V¥, —nV,; H — —-H;



Proceed to the Euclidean space and integrate out the high-energy

part of the fermion spectrum, V;(p) = V(p)d(|p| — Ag)H(A — |p|).

Low-energy lagrangian:

N;
ﬁii — Z 'LIJ [@ + 3 P(X) + g, H(X) 'LI!'E'
=1

+i3{ NuB(X)3uB(X) + Ned H (X)0, H(X) + N [0.B(X) [+ Ne [0 H(X) |

4

—2NAPH(X) — 2N A H*(X) + N} (X) + 2N @*(X)H*(X) + N, H (X )}
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Critical point to generate spontaneous symmetry breaking!

22 : : 2A2 / . 9Nx3
Ay = — 9 < :’LE; Aolaq) = —— [ % — -
=5, (a1 ) 2(g¢) 007 (Jf N

i

of T-symmetry breaking
. 1 . o : :
A =M >Ny = (M £ p7): pff < M

Stationary point (vacuum state) conditions

Vacuum state for +p:

(®(X))o = Mtanh(Bz) , (H(X))o =~ psech(5z)

- 2 _ A2 _ N2
with = \/f'lf — FH
In this phase the vacuum state breaks 7-symmetries and translational

Invariance.
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Ultra-low energy physics

Scalar field and fermion zero-modes for Standard Model multiplets

with number of fermions N = 21.5 = 24 and number of colors N. =3

D(X) = (D(X))o+ d(x)do(2) 1 dolz) ~= sech®(Mz)

H(X) ~ (H(X)) + h(z)ho(z) :  ho(z) =~ (sech(Mz))** i €= 35

. . . M
Ui(X) = bj(x)dbo(z) 7 to(z) =~ sech(Mz) -

generate ultralow-energy effective Lagrange density on the Minkowski

brane at the critical point p = 0:

L..;4;.|#=D _ ZJE 0i(x) (-;: g gj_&’:u h(z) ) i) + %( () )* + %( duh(x))?

— ANidd(x) — Nd?(2)h%(z) — NahY(z) |

with the ultra-low energy effective couplings given by

4 ;'?\'T jdrﬁ_.} }TE
5}

3 _"?\'T\._n_ J"‘L _"?\"T

S P . = = k.
§ 3 ¢ ¢ B_N\fh
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In the vicinity of critical point pu < M the "Higgs” particle and

fermion masses as well as scalar self-interaction 1s imduced.

) 1 > (f)—
ﬂ\ﬁff’lz ——mi h(x me (z)abi(x) — Mg B3 () — :_

o o 2;\1 () [
my, = - (-—1 Ty ) ; ; 79

I.u

gip ;s Ag =

Higgs scalar decay into two branons

The tree-level coupling of light fermions to the massless scalar
Y(x)(z)d(r) does not appear: it is suppressed by additional powers
of y?/M? (heavy fermion exchange). Thereby the low-energy Stan-

dard Model matter is essentially stable.
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Few intermediate conclusions:

a) The masses of h-scalar and fermions are controlled by the ul-
tralow scale p independently on ¢. Thus one expects p ~ 7, ~

200G eV, of order of the Electroweak Symmetry Breaking scale.

b) ¢-particle are massless being Goldstone bosons of spontaneous
breaking of translational invariance, they are called "branons” and

describe fluctuations of the brane shape.

c¢) All interaction vertices are governed by the parameter ¢ ~ M/A,
if ¢ < 1 the scalar matter decouples from the fermion one and does
not interact without gravity! Two candidates for the dark matter.
However this parameter is not fixed without gravity and is subject

to experimental bounds.
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M is a cutoff = threshold to leave the brane,

f is a brane tension (in our model f ~ M, see the point &)



P (4 + 1)-dim. (induced) gravity
Gravity is described by the metric field g4p(X). The action,

S({I)r Hrﬁirqjiagj — f dd X‘-.f l"!r“'i':sl:inﬁun + f'lli'.nﬁu:lannl : 9= dEt'[gﬂH)'
M

Invariant fermion Lagrange density v

N

v
£ (Z) Ny o - (1)
- szp +,3¢I>+JIQJH}IIIJ

Invariant bosonic (Euclidean) Lagrange density

2 H? NA® R
P N () - A
hoson (5’1 + [ ) hdr3 (EQFQD G)

where ¢ = +1,0.

Induced gravity < ¢ = 0!!
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After integration over high-energy fermions one obtains

the low-energy Lagrange density

N
5 . —(1) B . () <
L)) =i ‘1'5 (X) [V +mP(X)+ng,H(X)] @}E*(A)
j=1
+% { NOAD(X)OAD(X)+N. 01 H(X)0A H(X)—2NA1$*(X)—2N. Ay Hﬂ(x)}
NA
——— _{R(X) -2\
Irrelevant 10873 { R(X) }
for weak gravity +$ N&! 2N B*H? + N, H* +§ (ND? + NCHQ)}

NA
283073

where Ripcop: pD. i —are—the Riemamr curvature tensor, the

_|_

{5R*(X) — 8Rap(X)R*P(X) — TRapcp(X)RAPCP(X)}

Ricci tensor and the scalar curvature respectively.

Renormalized cosmological constant,

18A2
A= Ag + ——
25
5-dimensional Planck scale,
. NA®
M= ,
Y B4l
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Brane generation
T-syminetry and translational invariance breaking by
< O(X) == ¢o(2); < H(X) »= hy(2) 1s accompanied by a geometry

generation, also breaking translational invariance,
ds® = gap(X)d X4 AXP = exp{ —2p(z) t dx,dx, + d>?

Search for solutions of classical equations in the gravitational strong
coupling regime in which |p/(2)|/M = o(1), |p"(2)|/M?* = (1) all along
the large extra—dimension.

Equations of motion in this regime:

1 . 27 | . : N, . .
Raip — Eg‘qg (R—2\) = 3 {i‘?‘q(ﬁ dpd + — daH ogH
1 N N.. . 2N, . 2N, _. N,
~ 5948 [5{.“1) 0D+ L0 H0"H — 20, @* — N AgH? 4+ &' 4 N B*H* + v H‘i]

i (R.qg L gan R+ gan D% — Dy a.q) (@2 + “THE) }

Terms quadratic in curvature are subdominant and omitted.
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Dimensionless H’r.n-u;_rj’r.h of ;_':l'.'l“n.'if.}lf.illj]_!

Leading order in £ < 1.

N . 1 d?
" I)f.;* _C‘Hf;* - I)E
Ve {‘ N 6 d-2 (‘

whereas the cosmological constant

-
]

oME ., N :
3+ Ay Ay

< 1
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Equations of motion for scalar fields,

2[A) —@*—H*|® = (% - %’?wﬁ g‘-’—’?ﬂaﬂ)@ = —®" 4+ O(k)
2[Ay—H?*—®*|H = (% — \fia Vg 9“Pop )Hz—Hf’+@(H.)
g

Thus for x < 1 kink-like solutions remain in the flat space.
To this order cosmological constant 1in dim-5

_2TM* 3
- O2A2 9

Conformal factor approaches the Anti-de-Sitter (AdS;) metric for

large =

|z|—0o
g

2K 2
plz) =~ ?lnc-.oah(ﬂi'z) klz| 1 k =~ EH._-'H.
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Newton's constant and other scales

Relation between the five dimensional and brane gravity constants

from the factorized Riemannian metric
ds* = exp{—2p(z 1} g (z)daxt dz” + dz?
The gravitational action

N ﬁ:ﬂ

Sl9] = 955 | X VEORX)
NA3 ) +00 ’
~ 10873 /d. v/ g(r) R(:r)/ dz exp{—2p(z)} = 1(}?{;1 /d v/ g(r)R(a

Thus

K

v ~ w2 K52 B 817? M3
T GNM? T 2NA®
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Let us adopt the induced gravity relations x ~ gﬂ ~ (2

Then

4N 4 5~ gl 128N%
kM2 = Tﬁaﬁ, k>Mp = 576 M.

For instance, lower experimental bound
k>2-10712GeV = 1/10 mm <= V(r) x W (1 + ;—5)
is reached
for M ~ 100GeV, A ~10°GeV; (~M/A~10""; Kk~ 10713
Other DptiDll
for M ~ 1TeV (accepted by experimental data):
k~1071°GeV; A~ 10YGeV: (¢~ M/A~107%% K~ 1071
for k ~ 2-100GeV (EW breaking scale):
M ~10%GeV, A ~104GeV; ¢~ M/A~107% K ~1078
Thus k ~ kM < M and brane i1s thin, k < 1 and gravity 1s very weak;

¢ is very small = branons belong to the Dark side of our Universe
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Induced cosmological constant on the brane

M

A-'Ti'ﬁL - A~ ) ; - .
A cosme = 273 f_ ; dz exp{—ilp{::)}{—-—l = [p'(2) ]2 [gravity/
+(&(2))" + (W ()" + 5 ((6(2))° + (h(2))7)(20"(2) = 5[ P'(2) 1} [matter,

It holds exactly !! for any choice of parameters and supports the

Minkowski geometry on the brane.

I Translational invariance of the Minkowski world enforces to vanish
the cosmological constant. The compensation mechanism is competing SUSY !
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Delocalization of massive states for AdSs geometry

Modified mass operator with spectral parameter m?,

M, = — &> +V(2) —m® expi2p(2)} = — 97 +W(z2)

i}[t} ~ M?* 4+ m} — 2M? sech®( M z) z
V.A.Rubakov,2001

Quasi-classical probability of barrier penetration: turning points

B '
M

Suppression factor for guantum tunneling

1 . 21 - - ' -
exp {— / d2"/ W (2 } ~ exp {——3 In U} ~ exp { —1000000000} for # ~ 10~%

s I

Thus starting from a wave packet localized on the brane one could

not miss even a particle in the visible Universe during its life time!
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