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Setup : General ideas

4D Axions

Shift symmetry : good for suppressing several awkward couplings

@ broken by non-perturbative effect, or boundaries

/ enerating potentials @

V($) ~ MfeSnst cos . V(¢) ~ u4f£

a a

by instanton effect will be explain later

¢ : canonically normalized axion, fq :axion decay constant
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Non-perturbative potential
S43HSLV($)=0 with V(p)~ Mie Snstcos?

Quintessence condition ———> Overdamping with Hubble friction [06 Svrcek]

Mp
Sinst

, H?> =
3M3

=

fa S

M48_Sin5t /\4 Ad
P ) MPe_Sinst < > ( > )

inst
needs to include “N” axions

Sinst ~ 280, N ~ 10°

Huge number of axions is needed.

wm. Consider the potential from boundaries!



~ Boundary potential

¢+3Hp+V'(¢) =0 with V(¢)~ ,u4f£ linear potential

a

" /
Requiring slowly varying potential: Af PV_ =<1 M2 2 v < 1
V v
- ¢ Mp
Pressure density ratio around ¢ ~ ¢qg
p; Mp 6ds  2aMy z
= M2 + 642 (M3 +640)21 + 2
Recent observational bound [i10 Komatsu et.al. and others]
wpe(2) = wo + wi——, wo=—0.93%0.13, wy = —0.4170:72

14 2
= ¢ > 2.14Mp
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Comments on linear potential

Small cosmological constant

In string setup, D-branes (boundaries of strings) can sit on highly warped throat.

- H4£ AT 10_123Mf_}, due to warping suppression

fa

(We will see more detail later.)

Coincidence problem? pPm ~ PpDE At present
VHV rl rf
= =l < T hat =2(141) ..
> [ ) =20+
Linear potential is sensitive to initial conditions.
# . Fine-tuning of end of universe may help. axion density
k - matter or radiation
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lIB string setup

[06 Svrcek-Witten]

Co=d'a®wa, [ (nws=0u mm an~a+t(2r)

Kinetic term

2
R/\*1—925F3/\*F3+---]

1
St f
1B = (om) 742014

M2 2
:/d4a:\/—794 TPR(4) - f_a(aa)Q e ]
3 2 6 s M2 — 176 13
with  Mp ~ L° MY, fa L4 where Vpoy = L~ «
= slow-roll condition becomes a 2 L2 /s

Constraint from red giant (low-energy physics)

fo oGy e b oy T o

v
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Potentials from brane

[08 Silverstein-McAllister-Westphal]

NSs-brane at the bottom of a warped throat

1
SNS5 e (271_)5930/3 fd6m\/_ det(P[g + gSC])

ds® = 62Adm£ ™ 6_2Ady(25

V. £4 Do o
2 = (27[')593 ’2\/ e Js

eftem et Am pra ( I LZ)
a

i L~ 10 1 g~ [~
For instance, N rds N e.g. [01 Giddings-Kachru-Polchinski]

3gsM2

can be stably-positioned
at the tip of the smoothed geometry (like warped deformed conifold)
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Back reaction and corrections

Back reaction of NS5-brane

Five form and warp factor are closely related.

Fs = dC4 + Cy A Hs (or compactified NS5 wmw. effective D3)

s

4

-

r

Volume change due to warping

e.g. Kahler correction [08 Douglas-Frey-Underwood-Torroba]
K 2V
“M”"Q"_—3|”[T‘|‘T+"=“’“ (Vw—/de’\/i = ch—/dyf)
P
6(~w)N gsa’za T ~ L*
(/ 4
e T cutoff
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~Moduli stabilization and axion

K

o -
Vinoq = eVP (K”DIWDJ—W - —2|W|2) + Vioc
MP
SUSY min: D;W =0
v K
55 aZ< W >
~m% M msz/p ~e P
B P 3/2 2
/ / M2
Together with warping correction in Kahler
a
oV ~ Vmodﬁ taking 9s ~ 1, Tcutoff ~ \/07, an~ L?
F =
eg V.. g~ (—) MI% = F? ~ (10 TeV)4
5 Mp - Even Low energy SUSY breaking
F L>10 1 s
o0V ~ — < /\4 o Mcompact ~ =~ 10 eV
L2~ too large... Ly o

(neglecting moduli problem for a moment...)
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Leading cancellation
Z position symmetric setup: r — —r = TO : 7"!0 >
NS5 — 1 NS5+ NS5—NS5 :
m —a D3+ a D3-D3 i
r dependence: leading sub-leading '
NS5 anti NS5

Leading suppression

Vw :/d6y\/g%6_4A v

- i+ rof5 - | 5 leading
hh 2 neiin RN . L e)
(2 e )fdr|’r—|-7°0|4+ (2 = )/dr|r—’ro|4 (E-l—aa'z)DB (N—aa'z)DB

2 2 %

i
+
> 1 sub-leading
No axion contributions to leading order e ~#4 ~ Q=) o D3-D3
=

pairs
As like tadpole cancellation in CY compactification
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Brane-anti brane in warped throat

1

3 Brane-anti 3 brane force ~ O (_4)
-

1
D3-brane warped throat: e (_4)
r

Brane-anti brane backreaction in warped throat [08 DeWolfe-Kachru-Murllgan]

a1 e
oe & mar ,non-constant dilaton, and non-I1SD
[rl
27N
IR scale of the throat: o

T x
(4 ~N ———
V a, 3g3M2

Contribution from dangerous IR

saa’? 4 55 2Am 13
0 Vaw N/ drrs vl e aa/?rZ ~ ae?ma’
T"x T
OV
- a’e2Am with rcutorr ~ V'

Vey
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Brane-anti brane in warped throat

Same result from exact IR

[09 McGuirk-Sumitomo-Shiu, Bena-Grana-Halmagyi]

IR D3-anti D3 solution at the tip of deformed conifold

ds3g = e*4dz3 + e 24d33

1 g9
dig ~ r222/331/3 |~ 4:2 4 402 4 72402| T =7 Ccoshr
* > 3 5
12
56_4A ~ ’]"_4—aa
s T

Volume change

TUV =
OV ~ dr/gede ¥4 ~ rfaa'2(7'6\/ e e2Amgq!’3
TIR

where cutoff scales Tav 2o TI2R ~ O(1) > same as before
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“Brane-anti brane correction in Kahler

Combining brane-anti brane and volume change due to warping

4 A ;
Vi V. a > 5 M SB 2 i (even true for superpotential corrections)
The corrected potential dominates.
A N2 32 2
V1NA4,* e ~ L ~107°4L where q~ L
Msp

Compare with DBI potential

A |/\4M4|
m Vo~ Mietimp2 = AT If Mgg > 1 TeV
' e

Quintessence should be realized with the potential from brane-anti brane.

Note: Brane-anti brane effect in DBI Non-perturbative corrections
4¢ 4A 4 84, oS0f
oV ~ Mgoe™"™ma ~ Mje "™ — avoided if L > O(10)

Tdistance
17
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Other corrections

Instanton corrections

Holomorphically allowed superpotential
SW = Ae—<T i Be—cT—c(a—Tb)/(27r)2

Euclidean D3 Euclidean D1 correction to Euclidean D3

g can destabilize the moduli...

#%  We should use the superpotential from D7 gaugino condensation.
[08 Silverstein-McAllister-Westphal]

Kahler potential
K -
2z = ~3n|T+T+0CRe e=2mv4—(a=Tb)/(2m)% 4 .
(0 B 2
. OV ~ VmodCrze U Lz O(10)

(vy ~ L?)
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Comments on B2 axion

ey :
By = a'b™wq  can also be axions.

N=1 Calabi-Yau orientifolds with O3/O7-planes [04 Grimm-Louis]

K 2 i, Spes
= —5 ~=3In|T+ T+ —cb,
MP 29s

> Ingeneral, we have large potential mass term as like n problem.

8V ~ Viogh?

Since there are no C2 axion dependence in Kahler except for warping corrections,
we can use it for string cosmology.

As like, axion monOdrom)’ inﬂation- [08 Silverstein-McAllister-Westphal |

[og Flauger-McAllister-Pajer-Westphal-Xu]
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Comments on C4 axion

Cy = cqwsq [—> Kahler multiplet T = o + icy4
Axion coupling =) OnDy-branes: 7% / Car kBN E
=) Embedded with preserving SUSY

=) Applicable toe.g. SQCD

Single modulus case (as like KKLT)
K = -3M3In (T +T)

V(T +T) = K/Mp (K”D W D;W — M—|W|2)
p

|:> no potential generated

20
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Comments on C4 axion

Generating the potential? =) more complicated setup with multiple moduli

3IN2 [10 Dine-Festuccia-Kehayias-Wul]
K =——FIn (T + T1)(T2 + T2)| + Kx(X, X"

W = Wo — Ae~(T1+T2)/b 4 £x X : SUSY breaking field
Heavy moduli multiplet: p =T7 + 71> [ integrated out
Light multiplet: ¥ = T7 —T> @®)> includes axion!

Scales of axion: 1M, ~ e PMp suppressed!

However, the potential is nonperturvatively generated...

—> requires 10% axions (cycles) for quintessence

Instead, applicable to strong CP problem with fine-tuning SUSY breaking scale f

21






Rotation of the CMB polarization

String Axiverse map [09 Arvanitaki--Dimopoulos--Dubovsky--Kaloper--March-Russell]

Anthropically Constrained

Black Hole Super-radiance Inflated
0 Away 1

2 x 1020 3 x 1071
Axion Mass in eV QLD axion
Naively estimated effective mass scale

4 2
|3 N —33 . .
Mg S o 3 —>  CMB Polarization

Topological coupling

C> . Ds-brane wrapping 2-cycle

1 1
S —TD5(27TO(’)2/d6:L'\/ _§6€_¢ZF3V + TD5(27ra')2 / 56‘2 ANFAF
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imation of angle

L 5 ¢
—(0 — e
ﬁ ( 2 fa('b 49 2¢+ 892L2fa€ o
- Freewave:ﬁ:ﬁ—l— ¢ g,ﬁzg— ¢ E
L2 fq L2 fq
Rotation angle (difference)
1 present :
A / dtd
L2 f, Jrecombination
ﬁ qb - 10—123MP
s - :
Ao s —Erjg 92 i w10}

b0

Current bound [10 Komatsu et.al.]

66 10 T c A T70O10 "

satisfied if ¢g ~ 100Mp

without violating any other bounds

24
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Other comments

Light particles

Large warping required in our model ———> many light particles

As like in RS II, wave-functions are
well-localized on the brane.
KK exchange is highly suppressed.

Constant term

There may be so many constants terms after the compactification.
Viotal = H4a +C
\/
It is easy to absorb into linear term, if C is not significantly large.

26



"~ Moduli problems

Reheating for BBN: 77 2 10 MeV

(v

Boltzmann eq. suggests
m3

3/2
oo M [ o -

II> m3/2 z 100 TeV

In our model, if Mgp 2 1 TeV
@) the brane-anti brane potential from moduli stabilization dominates
But, SUSY breaking models with lower energy?

@) requires additional setups, including thermal inflation,
extra symmetries, helicity suppression and etc.
28
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~ QCD axion and U(1) axion

Hierarchy between QCD axion and U(1) axion

Anthropically Constrained

Inflated

Black Hole Super-radiance Decays By

108

2 x 10720 3 x 107
. . QCD axion
Axion Mass in eV

< >

U(1) axion: related to C2 and two-cycles
QCD axion: presumably originated from C4 and four-cycles

How to explain the scale hierarchy mqcp/ MEr1) o 10 =2 @

* Where D7-brane lives?

* GUT model with some other mechanism?

29
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SUSY breaking and mediation
Suppression of direct coupling [07 Kachru-McAllister-Sundrum]
. / d26d280Q1Q

O : hidden sector non-chiral operator
Q :visible chiral superfield

For instance,

SU(2) x SU(2) invariant non-chiral supermultiplet in Klebanov-Witten
(Klevnov-Strassler) theory

. Og = W§ W(% highest component has dimension A = 8

4
- % — ¢44m .  Easily suppressed!
Abv

31



Higher form mediation

/ [07 Verlinde-Wang-Wijnholt-Yavin]

{
Apg
Avg RR-form
Our axion brane SUSY breaking branes

Ca = Cquw® + -+ -
Lcs =CaNFyph

= Lo=CAd(Ay + Ap) + 2|cic|2

dualizing C A e
1 > massless combination

SRR
I:> £¢ R 2mA|d(nb S AV + AH| U(l) AV i AH
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Hypercharged anomaly mediation

; : [07 Dermisek-Verlinde-Wang]
Gauge kinetic term

1
Z / 420 1, ($m) WOEWq + c.c.

SUSY breaking source: F™ — (K/2Mp KmnDnW

Gaugino mass: My = F™0p, In[Re f3]

Anomaly mediation
|
5 3

Scalar mass: dmz- s

However... = 1 5 bO m%
o s negligible!
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Bulk anomaly mediation

Anomaly mediation is like scale changing with SUSY breaking

1 1 bo m=
S laal In |4 || WoW* + c.c.
4/ (92 1672 M? ) - -
2
with m4 > mgel o
1 1 bo mAeezF/MP
Dilatonchange — &+ — — —1n
gs gs 4 M

Supersymmetrize constant DBI term with spurion field

— a
d4$\/ s ik d29d2964Am 929_2 [0o5 Choi-Falkowski-Niles-Olechowski]
(2m)>gsa’?

A _ 2pM
GKP: e“'m ~ e 3gsN

doesn’t cause serious contributions
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