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0. A Brief Intro to Baylor University

e Chartered in 1845 by the Republic
of Texas - the oldest university in
Texas. Right now we have about
15,000 undergraduate & graduate students. |

http://www.baylor.edu/



0. A Brief Intro to Baylor University (Cont.)

e Physics Department has 20 faculty
members, and about ~ 35 graduate [N

and ~ 35 undergraduate students.
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Phys. Dept. Located at 3th Floor

http://www.baylor.edu/physics/



0. A Brief Intro to Baylor University (Cont.)

—

e Undergrad Majors: BA & BSc. in b5
(a) Physics; (b) Astrophysics;

(c) Astronomy.
e Graduate Degrees: MA, MSc. &

Ph. D. Physics.
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Some Physics Faculty & Students
http://www.baylor.edu/physics/



0. A Brief Intro to Baylor University (Cont.)

e Astrophysics and Space Sciences
e Atomic and Molecular Physics

e Condensed Matter Physics

e Elementary Particle Physics

e Gravitation and Cosmology

e Non-Linear Dynamics

e Plasma Physics

e Surface Chemical Physics

Semiconductor
Heterostructures Research

Semiconductor
Heterostructures Research




0. A Brief Intro to Baylor University (Cont.)

GCAP - Gravity, Cosmology and Astroparticle Physics Group:

e Horava-Lifshtiz theory of quantum gravity & applications
e Formation & thermodynamics of black holes
e Cosmology in String/M Theory
e Brane Cosmology




|. Motivations

A. The Hierarchy Problem:

e Classical gravity is described by

Sg = 167T/d4$\/7R[9]

M. the Planck scale,

My =G 12~ 1.22 x 101 Tev,

which determines the gravitational scale at which the
quantum gravity is required.



l. Introduction (Cont.)

e When £ < M,,, gravity is Newtonian,

Gam

V(r) = —

r

Latest Table Top Experiments show Newtonian gravity is

valid down to r ~ 44 m [D. Kapner, et al, PRL98 (2007) 021101].

e Electroweak Scale: Mgy ~ 1 TeV.



l. Introduction (Cont.)

e A “Desert” (Hierarchy Problem):

M
M pw

but no new physics between them!!!

Jorge, where are ol
we'?
o 7 JWell, ..




l. Introduction (Cont.)

B. Current Acceleration of the Universe:
Recent observations show:
e [he total matter is

Qtotal — 102 :l: 002,

— our universe is FLAT.

e |t is accelerating,
a > 0!l (1)



l. Introduction (Cont.)

e So far, all observations are consistent with the

cosmological constant,
:0/\,0b ~ 10_47 G€V4.

[E. Komatsu, et al., arXiv:1001.4538].

e The Cosmological Constant Problem: Zel'dovich
(1968) first realized

(Tuv) = Nguv,
but divergent,
A < [ 2,2 400
p/\:%_mmw/o VEZ + m2k2dk ~ kY.



l. Introduction (Cont.)

e The ultraviolet cutoff at the Planck scale yields,
PApl ~ 10123:0/\,019
e Even the cutoff is at the QCD scale, we still have

40
PA,QCD ~ 1077 pA op

— the cosmological problem.



Il. Orbifold Branes in String Theory

[AW & Santos, PLB669,127 (2008) [arXiv:0712.3938]; IJMPA25, 1661 (2010)

[arXiv:0808.2055]

Consider the NS-NS sector in (D+d) dimensions,
Mp4q= Mp X1,

7, a d-dimensional torus. The action

Sp+d = 2&%1)+d/dD+d$\/§D+d€&> {Rpyald]
+347 (V4®) (V) —112H2} (2)

&®: the dilaton field; 4 4 3 the 3-form.



Il. Orbifold Branes in String (Cont.)

Consider the spacetime,

G A pdx?da?
_ ]2
e D—Q(bgab (x) dz®dx®
2 o
+e\/;¢($)5ijdzzdzj,

ds% . g

with &

® ("), Bep= Bep (2),

b= dED - SUE,




Il. Orbifold Branes in String (Cont.)

Bab(m) 0 ) | (3)

(Bun) = (
After dimensional reduction & conformal transformation, the
action reduces,

S57 = 5 ["lonl (Rpla
— [(V8)2 + (V)% ~ 2V (9, )]
1 _ /8 :
e VI (Vuny) (v

1 ./ 8
— e VP2 ¢HabCHabC}.



Il. Orbifold Branes in String (Cont.)

Compactify one of the (D — 1) dimensions by putting
two orbifold branes,

G(BD) J (I ‘
— I an_
SH-1m M \[FD-1

( (I_)1(¢a )

g)lm(qb ¢7B7X)

(4)

€1 = —en> = 1. x: matter fields; gé”: brane tensions.



Il. Orbifold Branes in String (Cont.)

The total action is given by,

(E) _
total _

(D) _

where

S 4 5B 4 Z e

(D) 4+ x

g(f)
P=15 (),

gD

(E,1)
D—1m>

Z TD el 1L v)

(9)

(6)



Il. Orbifold Branes in String (Cont.)

1
DTy = 5 1(Vad) (V10) + (Vath) (Vi)
1 5 g
+oe VY (VaBY) (vbBw + —ev 72 HocqH, Cd]
1 5 g
- [<v¢>2 + (V9)? = 2Vpze VE¥ (VoBY) (V°By)
eV b2 ¢HcdeHCd€] ,
n — I I (I) I
(1)
A = p0kboim gDt
pyo = 5g(D wv D—1m>
Ty = @V (@), e = gD et

D—-1

g(f) /wg/(\fy) — 53{ (7)



Il. Orbifold Branes in String (Cont.)

O¢ = _9% 1 V53 PH,, H
0 12V D — 2
2 (D) (1)
oV, g
—2/1% (e[ - 1 ((bj)> lg) : 6 (Pr),
D
Oy = —%— —e_ﬁw(vaBij) (VaBZ'j)
oY 2d
2 € (1)
oV, g
—Qm%z (eI D-1 4 fp) P21l 5 (o)),
1=1 gp
3 > gg)l
OBij = \/gmwva&j) Z 5 (®r),
, g(I)
VCHcab — / - Hcabchb Z (1) JD-1 6(<D[)

0= gvv,v, and



Il. Orbifold Branes in String (Cont.)

I I
(D _ 55521,771 (N _ 5£E?—1,m
¢ 5p (0 51

(I)
O-’L(j) — —4I{/D€ d 5BZ] m,
(1)

oD = 430D > $9LD " 1,m
= .

5Bab

)

(12)



Il. Orbifold Branes in String (Cont.)

A. Radion Stability & Mass:
Static Solutions with Poincaré symmetry:

ds% = ¢20() (nuydx“da:’/ — dy2>,
1
O'(y) — In (ly‘ _I_yO) 7

9 L
125 (lyl+wo) |
o) = oo 0 (F2) 400,
|5 lyl +vo) |
Y(y) = _\E m( 7 ) - 0,
B;; = 0= By,

L, yo, ®0, o integration constants, and



Il. Orbifold Branes in String (Cont.)

ly| is defined as:

A Iyl
. 00 3 y
=2y, — ¥ ~ e ¥ 2y, =
(O <y< yc)

[AW, R.-G. Cai & N.O. Santos, NPB797 (2008) 395 [ arXiv:astro-ph/0607371]]



Il. Orbifold Branes in String (Cont.)

Consider a massive scalar field ® [coldberger & wise, PRL83

(1999) 4922]:

Ye
Stulk /d4:c/0 dY\/—gs ((VCD)Q — M2d>2),
I o 4 | U 2 2\ 2
Slgrgne — _QI/MA(rI)d L _gl(L ) ((D _vI> )
ar, vy real constants. The Klein-Gordon Equation:

" —4A'®" — M2 = Y 205 (92 —vF)§(Y — Y)),

2
I=1



Il. Orbifold Branes in String (Cont.)

with the boundary conditions,

ddb (V)| 1T

_ 2 D
e YI_€—2a1¢](<D1 7).

The solutions are
b = 2" (aly(2) + bKL(2)),

v =3/10; a, b: constants; I,(z), K,(z): the
modified Bessel functions, and z = M (Y + Yp).



Il. Orbifold Branes in String (Cont.)

Then, the radion potential is given by

Y.—¢
Vo (Yo) = —/+ dY +/|gs| (VP)? — m??)
0+«

oq/ dY,/gff (92 —0?)%5 (Y = V)
Y, —¢

_4A(Y)¢(Y)CD(Y)‘ —I—Zoq (@2 — v2)% 440D,
I=1

ot = the radion is Stable!!!



Il. Orbifold Branes in String (Cont.)

Radion Mass: The radion field ¢ is related

to Y. by [a. wu, Y. Gong & AW, JCAP, 06, 015 (2009) [arXiv:0810.5377]]

o (Ye) = \12f (Ye), (13)

where

5L (10\1/5
6&%(9)
Y.+ Yo\6/5  /v;)\6/5
) - ()

_ 1 ve —2A(Y _
5

X (14)

N

~~
L]

/



Il. Orbifold Branes in String (Cont.)

Then, we find that

y 1 62V (Ye)
z 2 Op? Y, =Y min
10Yy\1/° 2Mm®
( 9L ) 3M3
o2 |IN(v1/92)

X VTV 15
102 52 | (15)

™m

v; = M3/2%;. Since v; has the dimension [m]3/2, we

can see that v; is dimensionless.



Il. Orbifold Branes in String (Cont.)

In addition, M and v; are all 5-dimensional quantities,

we expect that
M ~ Ms, v; ~O(1). (16)

Without introducing new hierarchy, we also expect

that

(?)1/5 ~ O(1), z:o ~ O(1).



Il. Orbifold Branes in String (Cont.)

Then, we find

3/3 5/3
v B R

pl-
Mpl lpl

(17)
For M1 ~ TeV, we find that
M ™ 10°(17-n)/3 TeV, (18)

where R = 10-°"/3 1. Note that the experimental
limit is m, > 10~ 3 eV.



Il. Orbifold Branes in String (Cont.)

B. 4D Newtonian Potential & Yukawa Corrections: [aw,

PRD66 (2002) 024024 [ arXiv:hep-th/0201051]]

Consider the following tensor perturbations,
ds% — ¢20(¥) [(mw + hyw(x,y)) detdx” — dy?| .

with the gauge
It hy =0 = 8%h,).

Setting
h,LLl/(aja y) — 6_30/2huv($)¢(y)a

D4Buv(33) — _mQ;\luy(CU>,



Il. Orbifold Branes in String (Cont.)

) satisfies the Schrodinger equation:

(=Y +V)w =m®,

VE§<0'”—|—§0'/2>:— > L0 (W)
2 2 36 (lyl +v0)* 3%
0 (Y — Ye)

3 (ye+yo) pVO)




Il. Orbifold Branes in String (Cont.)

Introducing the operators,
3 3

Q=Vy— 50/, QT = —Vy — 50/,
the Schrodinger equation takes the form,
Q- Qv =my.

This equation itself does not ensure that the operator
QT - Q is Hermitian, because now it is defined only on
a finite interval, y € [0, y.].



Il. Orbifold Branes in String (Cont.)

...
To ensure its Hermiticity, in addition to writing it in the
supersymmetric form, one also needs to require the
Hermitian boundary conditions,

¢/n(0)¢m(0) - ¢n(0)¢/m(0) — wln (ye) Ym (Ye)
— ¥n (Ye) Wm (Ye)

for any two solutions.
Boundary Conditions:

1
I / _ I |
yﬂ—wy) 6 (yc + o) yLnquw(y)
1
im ¢'(y) = —— lim ¥(y).

y—>0—|— 6yo y—>O+




Il. Orbifold Branes in String (Cont.)

So, all the wave functions with m?2 < O are not

normalizable, and must be discarded.

e Zero-mode is normalized:

)1/6

Yoly) = No(

2{3L

No

ly| + vo

L

(

Ye + Yo

L

-

)
L

= Gravity iIs localized at y = yc..

)4/3_

}1/2



Il. Orbifold Branes in String (Cont.)

e The spectrum of m,, is discrete:

- (@n-1)

, (n=1,2,3,...)
2Yc

mn

For y. ~ 10~ 12 m, we have

T A

2Yc

m1 =

~ TeV m ;




Il. Orbifold Branes in String (Cont.)

It should be noted that the mass m,, calculated above
Is measured by the observer with the metric 7,,..
However, since the warped factor e?(¥) is not one at
y = vy, the physical mass on the visible brane should

be given by
—1/9
mobs = =Wy, — (y JZ yO) . (19)



Il. Orbifold Branes in String (Cont.)

Without introducing any new hierarchy, we expect that
[(ye +vo) /L] Y2 ~ O(1). As a result, we have

_1/9
m%bs — (yc T yo) Mp >~ M. (20)

L



Il. Orbifold Branes in String (Cont.)

e Yukawa corrections are suppressed
exponentially:

M2
U(r) = Ga (1—|—pl

T

X
INgE:

e " Y (ze) |2) -



Il. Orbifold Branes in String (Cont.)

C.The Hierarchy Problem:

One of the main motivations of the brane worlds is to
resolve the long standing hierarchy problem. But, it
should be noted that when ADD [arkani-Hamed, Dimopoulos, and
Dvali, PLB429, 263 (1998)] derived the relation,

2\ 1/(2+n)
(M3
Vin




Il. Orbifold Branes in String (Cont.)

and RS (L. randall and sundrum, PRLS3, 3370 (1999)] derived the one

Mg = M3k~ (1 —e 2) ~ Mg, (22)

they all implicitly assumed that the 4-dimensional
effective Einstein-Hilbert action couples with matter
directly in the form,

1
ngf- + S, = /\/—gd4a: ( 2/—4;2R | ﬁm), (23)
4
from which one obtains the Einstein field equations,

G,LLV — KJZQI_TMV.



Il. Orbifold Branes in String (Cont.)

In the weak field limit, one arrives at

® goo = 1+ 5¢;
o G, = ﬁ:ﬁ puguy, = V3¢ = 204/14,0

e Newtonian Law: V2¢ = 4nGp; =

2 87TG
Ko — .
4 C4




Il. Orbifold Branes in String (Cont.)

However, in the brane-world scenarios, the coupling
between the effective Einstein-Hilbert action and
matter is much more complicated than that given by
Eq.(23). In particular, we have

Gp X TM)\TV)‘ + ...

1
- H? = —ka(p+gp)°+ .-
316
2
~ 24
18/159k,0‘|' (24)



Il. Orbifold Branes in String (Cont.)

In the weak-field regime, the quadratic terms are
negligible, and the linear term dominates. Then, under
the weak-field limit, one can show that the Newtonian
constant is now is related to the tension of the brane

by that
orG 1
3= SRS, (25)

Note that the above result is quite general, and

applicable to a large class of brane-world scenarios.



Il. Orbifold Branes in String (Cont.)

In our present setup, we have 2 = M; R >, where
R is the typical size of the extra dimensions. Then, we
find that

10 16
R\ (M
gr = 3 () (10) My* ~ 10742 GeV*4,

Ly M,
(26)

for R~ 10729 m



Il. Orbifold Branes in String (Cont.)

D. The Cosmological Constant: It is surprised that
the cosmological constant can be also expressed in

terms of M and R [aw, arxiv:1003.4991],

16 10
A M R
OA () () M7y~ 1074 GeV*,

B 87TG - Mpl lpl

for M ~ TeV, R ~ 10~ 22m.



Il. Orbifold Branes in String (Cont.)

E. Current Acceleration of the Universe:
[Wu, Santos, Vo & AW, JCAP, 09, 004 (2008) [arXiv:0804.0620]]

Consider a class of solutions in the bulk given by,

o(t) = %In(t)—l—%ln (%)’
10

w(t) = o In®),

6() = ——V6 In(t) + oo,
Y(t) = —\/;_O In(t) + o,



Il. Orbifold Branes in String (Cont.)

Assuming that the spacetime on each of the two
branes is given by the FRW universe,

K2

d 2
ds® = dt° — a?(t) {1 " | TQdQQ} :

we obtained two generalized Friedmann equations on
the branes with four free parameters,

{Q/\, Q) (0, vl} |



Il. Orbifold Branes in String (Cont.)

Fitting the model to the 182
gold supernova la data and

the BAO parameter from
SDSS, using our Monte-

Carlo Markov Chain
(MCMC) code, we find {2, Q9. Q,go),v]}
= {1.93,0.28,0.008, 3.0}.




Il. Orbifold Branes in String (Cont.)

With the above best fitting
data as the initial conditions,

we integrate the generalized =
Friedmann equations

& b & &

numerically, and found
that the acceleration
of the universe will become negative again in the
future, whereby all the problems with a far future de
Sitter space are solved.



Il. Orbifold Branes in String (Cont.)

Note that the distance, D,
between the two branes
remains almost constant,
which indicates that the
two branes are indeed
stable.




Il. Orbifold Branes in String (Cont.)

F. Bouncing Universe: When we studied radion
stability and localization of gravity, we worked with
static branes. If we allow the branes to move,

Yyr — Yr (T[) ) (28)

while the bulk is still described by the same 5D
metric, we find that



Il. Orbifold Branes in String (Cont.)

H? = &;G(P-I-Tgb-l-p/\)
27G 2 1
o 50 (P70 ~osrate (29)
“ = MY (1354 3p + 107, + 10pp)
Zf 8p+ (13p+ 579) 76+ 3p (0 + 75)
1
Fe 2,12 (30)

When a — 0, the term —a—12 will soon dominates,

where by a bouncing universe is resulted.



Il. Orbifold Branes in String (Cont.)

G. Further generalization[u. bevin et al, JHEP10, 095 (2009)
[arxiv:0907.1756): VM py = M p X Md_|_ X Mg

d33r = Gagdrdx®

= g, (x) dz®dx?
(Z—I-) dz_,_dz_l_
—|—6\/£¢_ (x)hgq (z_)dz"dz", (31)

with a,b,c =0,1,...D—1,i,j=D,D+1,..,D +d4 — 1, and

p,qg=D+dy,D4+dy+1,..,N—1.



Il. Orbifold Branes in String (Cont.)

We assume,
[ Bap(z) 0 0 )
(Bep) = | 0 e+ @9By(ay) 0
\ 0 O =) Bpq (2-) /

(32)

After conformation transformation and dimensional
reduction, the D-dimensional effective action reads,

1
5 [ lgpld”z (RD[Q] — ﬁng) (¢n>€i)>a

(E) _
(33)

¢n — {QS, ¢i}= and



Il. Orbifold Branes in String (Cont.)

£y

O+

B+

E=

K

2
N Vdiz/\/{hi‘ddizi,

Va, Va

1 1 5
5 Z (V¢n)2 + Ee_\/gd)HQ

Faye TVE" (Ve +a X VEY (ve)?
—eV 559 (ﬁ+e\/gw+ + 5—6_\/?¢ — ’y+62§+_ ZQM — 7625\/?¢> :

2

1
4Vy,
1

V.
1

12V,

_  Jds d_
D—Q(CD_Q)’ @5 vty ¥

/aldﬂt,zgE ‘hi}Bi (z1),

/ddizi ‘hi}Rdi (Zi),

/ a2y \J|PE H2 (20).

(34)

(39)



Il. Orbifold Branes in String (Cont.)

Compactify one of the (D — 1) spatial dimensions by
placing two orbifold branes as its boundaries,

S0 = —er | [NV e e

+ [ a7 o2 om0, (36
r=1.2 v’ (s..c0): the potential of the scalar fields ¢,.
g’&): the intrinsic coordinates of the branes with
nr=012..D-2 a=-c=1 %. COllectively the matter
fields. The two branes are localized on the surfaces,

CDI (;r;a“) = 0. (37)



Il. Orbifold Branes in String (Cont.)

Restricting to the cases D = d = 5, we find similar
conclusions:

e [he radion is stable and its mass is about

1 GeV.
e the hierarchy problem can be properly

addressed.
e The zero-mode is normalizable, and the gravity

is localized on the vy = vy, brane.



lll. Brane Cosmology in M-Theory

[Y.-G. Gong, AW & Q. Wu, PLB663 (2008) 147 [arXiv:0711.1597]; JCAP0B, 015 (2009)

[arXiv:0810.5377]]

The Model: The 11D spacetime of the Horava-Witten

M Theory:
ds$, = V_2/3fya5d:vo‘dxﬁ — V1/3Qabdzadzb,

ds¢ry g = Qqpdz"dz": the Calabi-Yau 3-fold; V: the

Calabi-Yau volume modulus.



lll. Brane Cosmology in M-Theory

Then, the 5D effective action reduces to:

S5 = ;,%/M5f (Rh] ——<V¢>2+6a2 —2¢)

+ g b o0 @
€1 = —€>=—1, o = |I’1(V), K% = Ii%l/vcyﬁ, with
voy,6- the volume of the Calabi-Yau space, defined as

vC'Y,6 — /X \/5

o related to the internal four-form that has to be
included in the dimensional reduction.



lll. Brany Cosmology in M-Theory (Cont.)

To study cosmology, we add matter fields on each of
the two branes,

(1) =~ D m £, x). (39)

This in general makes the two branes no longer

supersymmetric, although the bulk still is.



lll. Brany Cosmology in M-Theory (Cont.)

Similarly to the string case, we find:
e [he radion is stable and its mass is about GeV .
e By properly choosing the free parameters
involved in the model, the hierarchy problem can

be resolved.
e The zero-mode is normalizable, and the gravity

IS localized on the vy = vy, brane.



lll. Brany Cosmology in M-Theory (Cont.)

e The spectrum of the KK towers is discrete, with
mq >~ TeV.
e The Yukawa corrections to the Newtonian

potential are exponentially suppressed.
e A bouncing universe can also be constructed.

e The Cosmological Constant is given by

18 12
A M R
OA () () M~ 10" GeV*

o 87TG - Mpl lpl

for M ~ TeV, R~ 10~ 2m.



lll. Brany Cosmology in M-Theory (Cont.)

e [ he current acceleration of the universe is
temporary:

*fa

[Gong, AW & Wu, PLB663 (2008) 147 [arXiv:0711.1597]]



IV. Conclusions & Future Work

Conclusions:
e Brane worlds in string/M-Theory provide a possible

mechanism for solving the long-standing hierarchy

problem.

e The domination of A over the evolution of the universe is
only temporarily. Due to the interaction of the bulk and the
branes, the universe will be in its decelerating expansion
phase again in the future, whereby all problems
connected with a far future de Sitter universe are

resolved.



IV. Conclusions & Future Work

Doing/do:

e couplings among the KK modes of gravity, radion and SM
e possible observational signals in LHC
e linear perturbations and the formation of the large scale

structure

e the early universe, including inflationary models,

nucleosynthesis and non-Gaussianity.



IV. Conclusions & Future Work

Doing/do (Cont.):

e Supersymmetric embedding or the breaking of
supersymmetry. Our approach so far is partly string
theoretic and partly phenomenological. We have not
Investigated what sort of gauged supergravity theories
could realize our setup.

e Dark Matter.
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