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Cosmological test for string models

Ex-dim. + D-branes

4 N
Axionic dark radiation (= relativistic DM):

AN, = 0(0.1)
- /




Key: Moduli problem in reheating

D — aa

@: Moduli/Inflaton a: Axion

Axionic dark radiation exists
even for my >> 100TeV.



Dark radiation



Dark radiation AN _¢ in p,_,

i 4 4 4/3-71'2 4
= |14 —Neir (— ) |—=T
Prad = |1 ¥ efr(ll) |1577

[ Nefr = ANasr + 3.046 J

AN 4: Dark radiation, N : Effective neutrino number,
3.046: The SM value



Effective neutrino number N _

* Observations from Planck (95%): [Planck collaborations]
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Effective neutrino number N _

* Observations from Planck (95%): [Planck collaborations]
0.68 0.54 0.50
Nefr = 3.36175:59, 3.301527, 3.627 02
(CMB) (CMB+BAO) (CMB+H,)

Dark radiation is hinted, while
tension between H, measurement and CMB/BAO.

See also [Hamann and Hasenkamp]: Ng; = 3.66 £ 0.30 (10)
(CMB+HST+C+BAO+WL)



Axions in string theory:
Dark radiation candidates



QCD axion: Strong CP and CDM

a

LD
3272 f,

EuypaGuyGyp

Ultralight ~ 107° eV for f, = 1012 GeV.

Original motivations:
* A solution of strong CP problem: 6 < 10-1°
A candidate of CDM



Motivation for string theory

Unified theory including quantum gravity!

— \-\.\\.\_\\ /
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/_r\ <+ ‘ Gravity
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Axions in string theory

* Axions via compactifications:

) »
at — Z%,1(),,,, >/\ ;

C,: n-form gauge field for strings/branes.

They can be ultralight and very weak

— shift symmetry: ¢ — a + 6,
— solution of CP and/or CDM with fa ~ Mgtying Of Mp.




Moduli

Reheating field:
e String moduli:

d! = Vol(Z?)

Long lifetime: Light + 1/M,,,
(if SUSY)
e Other possibilities:
— Inflaton (also in non-SUSY if coupled to axions)
— Open string state, e.g., SUSY-breaking fields



[Coughlan et al.]

Moduli oscillation

Radiation
Vinflation

O: moduli VEV

.......... : Inflaton potential

The decay = Reheating + dark radiation.
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D — a

S — Ay, H,---
g s




Moduli problems

* Non-SUSY moduli: mg = mjy, + light axion

[Cicoli, Conlon, Quevedo],

Moduli-Induced Axion problem: ITH. Takahashil,

[TH, Nakayama, Takahashi].

ANeﬂf > 0.1: & — a.

¢ SUSY mOdU|| m(D > m3/2 [Endo, Hamaguchi, Takahashi],

[Nakamura, Yamaguchi]

Moduli-induced gravitino problem:

QDM >01: & — ¢3/2 —7 XDM



Moduli-Induced Axion Problem:;
moduli decay modes

We will use 4D N=1 SUGRA.
(IVIP| = 1)



Axion production via the kinetic term
Liin, = KTT(C%G)Q; Kp = 07K

) <KTTT>¢(8MG)2 + -

Moduli-axions coupling exists in general!

@: Moduli; K: invariant under 6T = ia:

T=®b+ia; K=K(T+T"



The decay fractions of ©

3 K2 _
Mg KTTT

[ =T (P — aa) = 3
o4 KTT



The decay fractions of ©

3 K2 _
Mg KTTT

3
64 KTT

[ =T (P — aa) =

3

(b — radiation) ~ Mo
47



The decay fractions of ©

3 K2 _
I_a — I_(CD — CLCL) — Mo KT3TT
04 KTT
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The decay fractions of ©

[ =T (P — aa) =

K D ZgmHuH g

W D) fv]sWaWa

3
64 KTT

3
(b — radiation) ~ —2.
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The decay fractions of ©

-

o

m3 K2 _
Mo =T (D = aa) = =2 T3TT
4| K1z
4 ~ (P — radiation) ~ —2
47
=) AN = O(1)!
/

v~ Pa ™ Pradiation 7~ Pv after moduli decay



I, [GeV]

Constraint on decay widths of ©
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[TH, Nakayama, Takahashi]

AN . >0.84
ruled out:

Br(®->2a) > 0(0.1)

or

Tr < O(1) MeV



Two examples:
The problem and solution



1. No-scale a la Large Volume Scenario

[Balasubramanian, Berglund,
Conlon, Quevedo]

Swiss-cheese Calabi-Yau

~

1
—3log [T + T = S {[Hul* + |Hal” + (zHuHa + h-c-)}} o

/
K

W

Wo;,  fyis = const.

_ @ = Re(T) : Volume modulus; a=Im(T): Axion.

/




1. No-scale a la Large Volume Scenario

[Blumenhagen , Conlon,

|Og (T3/2) ~ 271'&- ~ 10 Krippendorf, Moster, Quevedo]

1 1 1
M3/2 ™ pzjp e grgy Msoft ™ g

~ 1011GeVv: ~107GeV: ~1—10TeV.

[ N

1
K = —3log [T G ol g 3 {|}[u|2 + IHd|2 + (zH, Hg + h.(i.)}:| 4.

W = Wp;  fvis = const. @

D = Re(T) : Volume modulus; a=Im(T): Axion.
NG /




1. No-scale a la Large Volume Scenario

[Blumenhagen, Conlon,

|Og (T3/2) ~ 271'5 ~ 10 Krippendorf, Moster, Quevedo]

1 1 1
M3/2 ™ pzjp e grgy Msoft ™ g

~ 1011GeVv: ~107GeV: ~1—10TeV.

\

1
K = —8log [T+ 1 = g {|HLP + |[HaP H{(cHuHa+ b} + -

W = Wp; fyis = const.

@ = Re(T) : Volume modulus; a=Im(T): Axion.

- /




1. No-scale a la Large Volume Scenario

{B = Br(® — 2a) = 1 ]
“= T 022171

1 mg’) 222 mg’)

. (P> HH) = .
48w M3 ( ) 48w M3

4 N
- 2

(P — 2a) =

=%(82¢)Huﬂd | \/gcb(é?a,)Q.

® = Re(T) : Volume modulus; a=Im(T): Axion

o /




ANeff in (m(D, Z)

f@/

My [GeV]

[TH, Takahashi]

or

Many Higgses
(MSSM extension)



Mass and momentum

d ’
* Decoupled from the SM: f, = M,,

* P_ ~0.1-1keV (today)



Implication in string theory?

L = 2(8°P)HyH

% AN ~ 0.2

z~3: ‘

Strong bulk-brane
coupling.

(z=1fora
Gauge-Higgs
Unification)

Many intersections (~ 6-9)
among D-branes?




2. Ex-dim with two holes

[Choi, Jeong]

Calabi-Yau

To i T,
onT, +nT,

NP on the bulk

-

~
K noduii = —210g(V): V= (1p + TJ)?”Q — r (11 + Tf)gﬂ — a1y + Tfj)mf

. 2r 27
Winodui = Wo + Ae™10 + Be7PHT2) g = T; 3= ij

. Yy




2. Ex-dim with two holes

Calabi-Yau \
To Ty \Tz/ d?0 ToW Wa + c.c

onT, +nT,

NP on the bulk

( N
K noduii = —210g(V): V= (1p + TJ)?”Q — r (11 + Tf)gﬂ — a1y + Tfj)mf
. 27 i 27
Wonodui = Wo + Ae0T0 4 Be=ATitnT). a = T; 5= 1_1’
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2. Ex-dim with two holes: Stabilization

KKLT stabilization : Dy, W ~ Dp 4y, W =~ 0p K ~ 0.

( | | ™)
Kuodui = —2log(V): V= (To + 13)*? = s1(Ty + T)*? — k(T + T3)*2.
27 _ 2T
H"I'Tmoduli — HTD + 4467_QTD + B E_'JIS(TI +HT2}Z X = % *c)) — “_}
\_ LY 4 )




2. Ex-dim with two holes: Stabilization

KKLT stabilization : Dy, W ~ Dp 4y, W =~ 0p K ~ 0.
. A sequestered uplifting : mg ~ \/§m3/2; mg ~ m3/o.

( | ; —~
Kuoaui = —2log(V): V= (Lo + 13)*? — sa(Ty + T))* — wa(Ty + T3)°2,
- . 2T 27
II“Tmoduli — II_.-TO 4 flE:_QTD + BE_'S(TI -|-RT2): 0 — T lj _ v
\ LV 1 )




2. Ex-dim with two holes: Stabilization

[T =nly =15 QCD Axion!] [cho, Jeone]

KKLT stabilization : Dy, W ~ Dp 4y, W =~ 0p K ~ 0.
A sequestered uplifting : mg ~ \/§m3/2; mg ~ m3/o.

. m3/o
Mirage type soft masses : mgoft ~ 45;/2 ~1—10TeV.
( | | n
K moduli = —2 logz(v) V= (TG + TJ)?»/’Z‘ — M (Tl + TlT)?”Q — H-Q('TQ + szr)?»/z‘
. . 2T 2w
HTnv:»duli — H'TO + ;467_QTD + BE_'S(TI_FRTZ)Z = T 17) - v
_ A )




2. Ex-dim with two holes: Decay

[TH, Nakayama, Takahashi]

e Saxion-decay into QCD axions; can be suppressed!

-

2 2
Kppg o (n3ﬁ:1 — K5)

~

_/

Mg =~ \/§m3/2 ~ 1OOTeV,

(n3k12 — Ko?)? MZ

T68mRy3 M3



2. Ex-dim with two holes: Decay

[TH, Nakayama, Takahashi]

e Saxion-decay into QCD axions; can be suppressed!

10

8 L

)
e - —_
- o —

Too much dark radiation
[ (B, >0.12 for T, ~0.1GeV )

10

(s —gg) +T(s—gg) ~ Ny

-

2 2
Kppg o (n?’ﬁ:l — K5)

~

_/

p 9 - 2 :
N (n®k1? — Ko?)” M3

T68mRy3 M3

KD Mg
2
327 M5

ms ~ V2mg o ~ 100TeV; Ng =12 for the MSSM.



Mass and momentum if exists

e m, ~ 100 eV,
o £~ Mg, ~10% GeV.

d

* P_ ~0.1-1keV (today)



2. Ex-dim with two holes: Decay

[TH, Nakayama, Takahashi]

e Saxion-decay into QCD axions; can be suppressed!

10

an B=0.1—
001~
i N 0.001 -
Too much dark radiation | 0—
[ (B,>0.12 for T, ~0.1GeV ) y
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(s —gg) +T(s—gg) ~ Ny
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Kppg o (n?’ﬁ:l — K5)

~

_/

p 9 - 2 :
N (n®k1? — Ko?)” M3

T68mRy3 M3

KD Mg
2
327 M5

ms ~ V2mg o ~ 100TeV; Ng =12 for the MSSM.



Symmetric Ex-dim: T, & T,

AN < 0.1

Calabi-Yau




Conclusion



Cosmological test for string models

Ex-dim. + D-branes

4 N
Axionic dark radiation (= relativistic DM):

AN, = 0(0.1)
- /




Key: Moduli problem in reheating

D — aa

@: Moduli/Inflaton a: Axion

Axionic dark radiation exists
even for my >> 100TeV.



Discussions on axion mass

Shift symmetry or U(1),, can be broken (to Z) by
* Flux compactifications/torsional geometry
e Stringy instantons (NOT QCD)

— Light axion might appear, e.g., when

Adjoint states:
hl’O(S), h2’O(S) 7{_& 0 S: 4-cycle on CY

or

Many chiral states: _
D: Dirac operator

Index(D) > 1. on a D-brane.



Thank youl!



Backup



Constraint on axion dark radiation

1306.6518 [TH, Nakayama, Takahashi]

* Axion-photon conversion in the early universe

1 R
—1% a'F:u_.u F!'

[
|

Dark radiation Primordial
= (Non-)QCD axion

with large p



Axion-photon conversion
1

o _ZgaaF;wFW = gaaﬁ B
Axions mix with photons in the presence of magnetic
field. Y a
2
W —g.BE \7
M2 = P e

dramn,e

~ 2 x 1076V (1 4 2)%2X1/2 : Plasma frequency

Me

E : Axion energy

Resonant and non-resonant conversion take place.
Yanagida and Yoshimura *88, Sikivie "83
The conversion rate depends on Bo.




Intergalactic magnefic field

—_

§ By = 1071 ~ 107293

1
-12-11-10-9 -8 -7 -6 -6 -4 -3-2-10

log(A; [Mpc])
Durrer and Neronov 1303.7121

a4t B Ol



10779 ¢

S
o L BBN ———-

CMB(@NISO) s
j diffuse - .-

10712 |
107
107 :
107 :
107°

10—1? ;

1018 L. ! . ! . ! .
10" 1012 1070 10° 10°
Mg leV]

Nakayama, Higaki, FT 1306.6518

Typically, g, <107 GeV ™!
for AN.g = 0(0.1)

e aicTEH 0 HER O



Radiation production (Main)

* (D decays into Higgs via Giudice-Masiero-term:
K D ZHu|*+ Zg|Hy|* + g(T +T") (H,Hy + h.c.)

3 2
r(® — HH) =2 9T
87 ZuZyK

* O decays into gauge fields via gauge coupling:
f 20 £, W Wa + c.c. N, = 12 for the MSSM.

mil))) |({9vais|2
1287 [Re(fvis)]QKTT




Solutions
[TH, Nakayama, Takahashi]

See also [Burgess, Cicoli, Quevedo]

* Suppress the @®-a coupling:

— Many visible modes/ geometry/ just open string axions
 Make (all closed string) axions massive:

— U(1), stickelberg coupling/ NP effects

* Change the final reheating field:
— No moduli oscillation/ additional entropy production

Because axions are interesting:
— A solution of strong CP and/or a CDM candidate
— Ubiquitous in the 4D string vacua.



In Large Volume Scenario

Dark matter: Wino
for m . = O(1-10) TeV

(With assumed R-parity)




Modulus decay

Br =0(1)



Modulus decay into Wino DM



Wino DM pair annihilation

o=

. — —1 | —
Q. = 0.16 (L o) Lo 1( )
30 3 x 105 GeV 1Gev )  \500GeV

These process hardly depends on the branching fraction (> 10-).




h? (with n, = 1)

WInO

(QCDMhZ)obs ~0.1

Forz~3, AN 4 ~0.2

!

Mo ~ 700GeV

my;- = 1/(log(V)V?)



Constraint on Wino-like DM mass

700GeV ~my; o <H ~ Z Myine-

100 0, lattice tanp=1.1

1 10 100 1 10 100
lul (TeV) lul (TeV)

Hisano, Ishiwata, Nagata (2012)



