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Motivation

" Exploring a Corner of the Landscape

_ @ Looking for UV understanding of our EFT
) Generic constraints possible, generic predictions harder
So hammer on specific class of models
Pointer to interesting cases for details

Eventually connect to dark matter modeling
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Motivation

o Exploring a Corner of the Landscape

| @ Looking for UV understanding of our EFT
- @ Generic constraints possible, generic predictions harder
@ So hammer on specific class of models
@ Pointer to interesting cases for details
9

Eventually connect to dark matter modeling

Also a nice case study of traditional holography in cosmology
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Outline

© History of Holography & String Cosmology
utline

© Reheating and Kaluza-Klein Relics

© The Spectrum & Dark Matter Candidates

© Interactions and Decay Rates

© Discussion of Results
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History of Holography & String Cosmology

— \ { @ Two roles for AdS+s
\ / (Maldacena; Randall & Sundrum)
\ / @ Dual gravity to CFT
| / @ Warping for hierarchies
e Similar timing

I| @ Build RS with D3 (veriinde)

1 e Just put branes on torus
e Infinite throat, moduli
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Moduli Stabilization and KS Throats

Holagraphic = ets
o A\ Early Flux Compactifications
F N E % i
=== @ M-theory on CY, with fluxes (secters)
I i '-| I| | I‘il M .
Ia’f Y \ @ Dualized to |IB strings (pasgupta, Rajesh, & Sethi)
< T} — ’I _r"ﬁh \ =g =
= A %) @ Crossed flux stabilizes complex
| l structure, not Kahler
A |
A
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\ Y }
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History of Holography & String Cosmology

\ / @ Two roles for AdSs

\ ! (Maldacena; Randall & Sundrum)

\ f o Dual gravity to CFT
/ e Warping for hierarchies
e Similar timing

} ( @ Build RS with D3 (veriinde)

\ 1 e Just put branes on torus
e Infinite throat, moduli
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Moduli Stabilization and KS Throats

Holographic . .ge .
DM -_;-l BN Early Flux Compactifications
| r;__: 4*—_:___1 @ M-theory on CY; with fluxes (Beckers)
f __Hl_HT = Il’l . x
/ @ Dualized to |IB strings (pasgupta, Rajesh, & Sethi)
S Thecats I." Tﬁ“ \}l @ Crossed flux stabilizes complex
f [} structure, not Kahler
r/ E |
| \ /
|I % |
II S 1|I
tluliliI . ._
L".r N-"l |.".r.
=
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Moduli Stabilization and KS Throats

Holagraphic e
il /RN Early Flux Compactifications

=\ @ M-theory on CY, with fluxes (seckers)

a' W @ Dualized to |IB strings (pasgupta, Rajesh, & Sethi)

@ Crossed flux stabilizes complex
l structure, not Kahler

—

i il Holographic Catalyst
| \ O @ Dual of confinement (kiebanov & Strassier)

. } e Finite warping at smooth tip
e Same class of geometry

¥ @ = _ @ Connection (Giddings, Kachru, & Poichinski)
R Ty
% | { / e Throats glue to bulk CY
lr__ff e D3 and D7 allowed
H‘I HI Page 10/55



Moduli Stabilization and KS Throats

KS Throat Geometry

External & internal warping
ds* = e**dz,dz* + e 24d5

Locally conifold geometry

1
di —e = {sz E F—d@ﬂ
d 5T ~ S5 x §*
Spacetime and radius form AdSs
ds? = e ?**dz, dz* + d2?

Dual to CFT with log corrections
Smooth tip with finite S? at zg

Page 11/55




Inflation in the Throat

DM Kahler and brane moduli stabilized by quantum or &’ physics
Drives inflation (which will yield our relics)

Brane Inflation

| @ Motion driven by stabilization
.' (Baumann et al)

@ Interaction dual to chiral VEVs

@ Generally from deformed throat
(Baumann et al)

.- e Classification from CFT
t / @ Duality controls deformations
\ / (Corrections only at log level)
o Stabilization gives key ones
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Inflation in the Throat

DM K3hler and brane moduli stabilized by quantum or &’ physics
Drives inflation (which will yield our relics)

Brane Inflation

@ Motion driven by stabilization
. (Baumann et al)

@ Interaction dual to chiral VEVs

@ Generally from deformed throat
(Baumann et al)

. e Classification from CFT

\ / e Duality controls deformations
\ f (Corrections only at log level)
e Stabilization gives key ones

Page 13/55



Reheating and Kaluza-Klein Relics

zlics

(&

Many Modes Excited in Reheating

@ Inflaton couples to many @ Can energy get stuck in
sectors, not just SM closed strings?
@ KK modes typically excited e
Chialva, Shiu, & Underwood;
@ Must spread or tunnel Rk e Ve ]

through extra dimensions
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Angular KK Modes as Relics

DM Approximate isometries of throats lead to relics («ofman 2 vi)

P Isometries of KS Throat

_ e T'! has SU(2)?/U(1) isometry
\ | @ Broken by bulk effects

\ | @ Angular modes localized at tip

ngular KK

] -9 @ Potentially long-lived
lllx“'ah\-‘_‘;‘_'_'_’j/'ll . .
*.,H @ Similar for other throats
Hll ]
|
|__Ir:II Ill!ru
A .Ja’
|_-‘-‘-.-! '.

Page 15/55



Angular KK Modes as Relics

DM Approximate isometries of throats lead to relics (kofman 2 vi)

Isometries of KS Throat

e TH! has SU(2)?/U(1) isometry
\ @ Broken by bulk effects

@ Angular modes localized at tip

ngular KK

xﬂ_‘___h___fs: @ Potentially long-lived
l.l-\ _‘:_____‘__q_.___d_,f .'II ) i
\ \w/ @ Similar for other throats

Conflicting views of relics

J @ Overclose the universe

@ Relics thermalize:
DM candidate (cren & Tye)

@ ASSUI’!’IG TEV Scale DM Page 16/55




Previous Studies

DM @ Thermalization estimated in reheating papers

(Kofman & Yi; Chialva, Shiu, & Underwood; von Harling, Hebecker, & Noguchi)

@ KK modes as glueballs without angular charge
(von Harling & Hebecker)
@ Graviton KK modes:

e More detailed thermal history
(Chen & Tye; Dufawx, Kofman, & Peloso)
e Interactions and decays not generic among KK modes

FEVIOUS

@ Classification of angular KK modes (gemdsen, Ciine, & Stoica)
e Tentative identification of lightest long-lived state

@ All considered only classical throat deformations

@ We will reconsider angular KK modes and scan decay rates
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The Spectrum & Dark Matter Candidates

o Angular charges

£ X @ Classify states & deformations by
—— '*"%r:::::“"i SU(2) x SU(2)/U(1) charge
£ @ Total spins j,l and r = (j3 — I3)/2

@ Sum j3 + I3 constrained
(for ex, = 0 for scalars)
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The Spectrum & Dark Matter Candidates

P Angular charges

ﬁ_______h"‘-r ® @ Classify states & deformations by
s fﬁk ———=~-) SU(2) x SU(2)/U(1) charge
" AN @ Total spins 5,1l and r = (j3 — I3)/2

@ Sum j3 + I3 constrained
(for ex, = 0 for scalars)

States of interest

@ Light states: moduli, D-brane (“SM") degrees of freedom:
Decay products and possible end states of thermalization

@ KK modes: charged and uncharged (intermediate states)
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Moduli and Other Light States

e . Supergravity states _

L. s \\ @ Graviton, of course
- / TAN N ' '
- Ill.- = @ Universal volume modulus & axion
.'I § / 'i. g - @ Kahler moduli, possibly some charged
g Modes :' ( | L == | @ Deformation modulus lifted by flux
: il ':. t! ) 2 .’I Like other complex structure moduli
=g F = F (May be lighter than warped scale)
\ \ = = J ‘ @ Possibly charged gauge fields

a___#/ @ Spread through bulk of CY
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Moduli and Other Light States

D3-brane Standard Model

@ Drawn to tip of throat

@ Brane scalars as SUSY partners

@ Fermions from 10D superspace

L= —?w?*eae

ight Maodes

@ Gauge fields
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Moduli and Other Light States

DM D3-brane Standard Model
@ Drawn to tip of throat

@ Brane scalars as SUSY partners

@ Fermions from 10D superspace

L= —?w?*eae

ght Mades

@ Gauge fields

D7-brane Standard Model
@ 4-cycle from bulk to z;

|
|

= @ Normalization dominated by bulk
——— @ KK couplings by throat

@ Consider scalars & fermions .




Kaluza-Klein Modes for Dark Matter

Finding a DM Candidate

@ Want lightest charged state for DM candidate
@ Known spectrum of 71! KK masses (ceresole et a1)
@ Mass from flux (or quantum/a’) model-dependent

@ Use lightest KK mass as proxy DM candidate
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Kaluza-Klein Modes for Dark Matter

-|cic§;;nhic Finding a DM Candidate

@ Want lightest charged state for DM candidate
@ Known spectrum of 71" KK masses (ceresote et a1)
@ Mass from flux (or quantum/a’) model-dependent

@ Use lightest KK mass as proxy DM candidate

T'! Breathing Mode

@ KK mass at BF bound for (1,0, 0)

@ Simple structure but couples generally

K Mades

@ Graviton modes much heavier

@ Wavefunction

l-l—v*e(Z-l—u*)z

* v 2
5’}( W ? D"* - 4P;je_24m5




Kaluza-Klein Modes for Dark Matter

Finding a DM Candidate

@ Want lightest charged state for DM candidate
@ Known spectrum of 71! KK masses (ceresole et a1)
@ Mass from flux (or quantum/a’) model-dependent

@ Use lightest KK mass as proxy DM candidate

T'! Breathing Mode

@ KK mass at BF bound for (1,0, 0)

@ Simple structure but couples generally

K Modes

@ Graviton modes much heavier

@ Wavefunction (also for uncharged)
1+v e(?-l—v )z
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Kaluza-Klein Modes for Dark Matter

Finding a DM Candidate

@ Want lightest charged state for DM candidate
@ Known spectrum of 71! KK masses (ceresole et 1)
@ Mass from flux (or quantum/a’) model-dependent

@ Use lightest KK mass as proxy DM candidate

T'! Breathing Mode

@ KK mass at BF bound for (1,0, 0)

@ Simple structure but couples generally

@ Graviton modes much heavier

@ Wavefunction
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Kaluza-Klein Modes for Dark Matter

-Iclcgﬁﬁhif Finding a DM Candidate

@ Want lightest charged state for DM candidate
@ Known spectrum of 71! KK masses (ceresole et a1)
@ Mass from flux (or quantum/a’) model-dependent

@ Use lightest KK mass as proxy DM candidate

T'! Breathing Mode

@ KK mass at BF bound for (1,0, 0)

@ Simple structure but couples generally

K Modes

@ Graviton modes much heavier

@ Wavefunction (also for uncharged)

5,}( x ,wl-l—v 6(2—|-v )z ? I/2 = 4P;!L_27m§




Interactions and Decay Rates

DM Decays need some access to symmetry breaking

Isometry Breaking by Throat Deformation

@ The compactification breaks the isometry
@ Deformations controlled by dual CFT
@ Focus on non-classical, growing deformations

ecays

@ KK scatters from deformation, loses charge, decays
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Interactions and Decay Rates

DM Decays need some access to symmetry breaking

Isometry Breaking by Throat Deformation
@ The compactification breaks the isometry
@ Deformations controlled by dual CFT
@ Focus on non-classical, growing deformations

ecays

@ KK scatters from deformation, loses charge, decays

Background Isometry Breaking

@ Brane positions break some isometries

@ Moduli with nontrivial angular motion in throat
Spread through bulk with explicit breaking
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Mass Mixing from Deformation

/O
@ TU! breathing has relevant deformations
I Charge (1,0,0), (0,1,0), or (1/2,1/2,41)
=2 @ Not allowed in classical compactification
::' —_— @ Supersymmetric (8aumann et ai)
- | 2> @ Protected by dual CFT
G ,-; W @ Leading for us: Ay ~ w*e?*?
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Mass Mixing from Deformation

o //’“'““1 Deformation by Breathing Mode

@ T! breathing has relevant deformations

fi Charge (1,0,0), (0,1,0), or (1/2,1/2, £1)
B @ Not allowed in classical compactification
E = @ Supersymmetric (8aumann et i)
s :' ) @ Protected by dual CFT
JaRA -[ HTE; @ Leading for us: Ay ~ w*e?*?

Other Deformations

@ All supergravity fields support deformations
@ Classically allowed have larger prefactors but are irrelevant
@ Different KK states scatter from different deformations

@ Tabulate rules to modify decay rates Page 3155




Mass Mixing from Deformation

Quadratic Terms in Potential

@ Scan for 07*A~dy terms in potential

U x /dﬁy\/gﬁ — f—;fdﬁy\/gem(?mﬂp (G — iiﬁé)ﬁp
@ KS flux about constant G.g¢ ~ kGggy
o Finally U =~ kK*w*~v*(z)y(z) KK mixing

@ Coefficient model-dependent, up to 100

@ Similarly mixing with moduli: for universal

U ~ (M, | kMy)w ™ u(z)y*(z) , v < 4

through e %4 — e 4 + u
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Decays to Supergravity Modes

o Decays to Moduli

@ 1 KK/2 moduli couplings vanish before deformation
Otherwise a tadpole for KK mode
@ So 7* decay to charged moduli suppressed

@ Two decays to uncharged moduli:

e Cubic vertex from dvA~vyu? term
UGRA e Mix with u, decay by u(du)? term
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UGRA

Decays to Supergravity Modes

Decays to Modul

@ 1 KK/2 moduli couplings vanish before deformation
Otherwise a tadpole for KK mode
@ So v* decay to charged moduli suppressed

@ Two decays to uncharged moduli:

e Cubic vertex from dvA~yu? term
e Mix with u, decay by u(du)? term

M3
r S 0 9H+20s o 10—89—260s o—1

MK
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Decays to Supergravity Modes

ol hi g - -
oM Bl Decay to Universal Axion

l @ Sketchily Cy ~ a(x)J? x e4k>

(ARF, Torroba. Underwood, Douglas)

@ Angular legs couple to 0y and Avyovy*

+ @ Induced dimension-5 couplings
= 4 4
; " Ms P1-D2 wl—|—u,},a2 7 MS P1-p2 w5+u,,yﬁa2
UGRA . Mg kg Mg kg

@ Gives weak lower bound for decay rate
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UGRA

Decays to Supergravity Modes

R Decay to Universal Axion

l @ Sketchily Cy ~ a(x)J? ox e 4k?

(ARF, Torroba, Underwood, Douglas)

@ Angular legs couple to 0y and Avyovy*

+ @ Induced dimension-5 couplings
-~ M p, - M py
= 52 P1 3172 oy a2 ? 3172 w3tV ~* o2l
M; k I\/[2 k
@ Gives weak lower bound for decay rate

F - ﬂ’[g 'IL‘13+2H* ~ 10—141—2611,. 3—1 (U > v+ 2)

k3 M, B

M 94-2u —89—26v _—1
Fem_——— ~ 10 s (r<mi2)

k3 A/_[;}L Page 36/55



Decays to Supergravity Modes

o Decays to Charged Axions

@ Can directly couple to dv*

—4kz

@ Take wavefunction as e or constant in 2

@ Appears as dimension 5 “off-diagonal kinetic term”

M4P1 " P2 -
v (z)a(z)a(z)
MZ K3

]_ +V-J.-

UGRA

Replace w — w? for v, > 4 for constant wavefunction
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Decays to Supergravity Modes

o Decays to Charged Axions

@ Can directly couple to 47"

—4kz

@ Take wavefunction as e or constant in 2

@ Appears as dimension 5 “off-diagonal kinetic term”

M =
]\/_[213’1,163;02 w 7" (z)a(z)a(z)

UGRA

Replace w'™* — w® for v; > 4 for constant wavefunction

78
T ~ I"JIS ’lU5+2y* ~ 10—37—261}* —1

T BM: °

Still plenty long for T'eV scale throats
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D3-brane Standard Model

DM Brane Position Breaks Isometry

2N @ Direct coupling to scalar kinetic term

‘x\'..
/ \ k®

W - pey(2)(a)’

/ @ Check against fermion interaction
wOI™"PORe (iG — -I-GG)mﬂp
e Yukawa coupling (k/M,)*+*©6©
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D3-brane Standard Model

DM Brane Position Breaks Isometry

@ Direct coupling to scalar kinetic term

B =
W - pey (@)é(z)’

@ Check against fermion interaction
wOI™"PORe (iG — -I-GG)mﬂp
@ Yukawa coupling (k/M,)*+*©6

= wk?

~~ ~10%"s1
ﬂsz

r

Extremely fast!
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D3-brane Standard Model

o No Direct Coupling to Brane

@ Brane doesn't break enough symmetry
@ Or centrifugal barrier blocks 7™ from tip
@ Decays through similar couplings of uncharged KK mode

@ Scalar and fermion estimates again the same
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D3-brane Standard Model

o No Direct Coupling to Brane

@ Brane doesn’t break enough symmetry
@ Or centrifugal barrier blocks 7™ from tip
@ Decays through similar couplings of uncharged KK mode

@ Scalar and fermion estimates again the same

3-brane w5 kg
I~
M3

S

s il

Just around observational limit!
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D7-brane Standard Model

Scalars vs Fermions

@ D7 scalars have similar dimension 5 coupling
@ Additionally couple to volume modulus

@ Fermions also have flux-induced Yukawa
But form unknown with warping

@ Estimate: multiply dim 5 coupling by cutoff w1k = ke %=

@ No flux-induced Yukawa with volume modulus
But possibly light complex structure

IT=-prane

Page 43/55



D7-brane Standard Model

-olographi -
oM — Brane Breaks Isometries

{ ammmman \ @ Angular integral of 7" nonvanishing
t\\;__//j’ﬁﬂ"\ k3 w Y 5
I.'\\_. . I,.f'r N\ w e - *

o @ Small due to radial separation
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D7-brane Standard Model

olographi .
oM . Brane Breaks Isometries

r*-— @ Angular integral of 67" nonvanishing
K\““’/j/ﬂ\\ K w ™ 112
N | MY (wl) p1 - p2Y"Ix]
N 4 @ Small due to radial separation

8/3 6420,
r~ k [ M, / w - ~ 10-9— 180 g1
LMP w1

If=prane

or for fermions

- BN e .
w \ M, wq

For v, < 2, maybe observable or even fast e

~d




D7-brane Standard Model

sy Brane Isometric Enough

@ Similar coupling via kinetic terms

@ Coupling via uncharged KK or modulus

@ Or directly by integrating against A~y

@ Modulus usually suppressed but couples outside throat

@ For decays to fermions, scale by (w1 /w)?

IiT=-prane
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D7-brane Standard Model

o Brane Isometric Enough

@ Similar coupling via kinetic terms

@ Coupling via uncharged KK or modulus

@ Or directly by integrating against A~y

@ Modulus usually suppressed but couples outside throat

@ For decays to fermions, scale by (w1 /w)?

1042, 8/3
T~ kw3 (E) a (%) / ~ 10~ 9718w 1
p

6+2v 8/3
T = k' (’w) N (ﬁj&) : ~ 10—61—18v 1
T

IT=-prane

or
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Discussion of Results

S Taking w ~ 1013, k ~ M,, M, ~ 10'6GeV, w; ~ 10~
We find

@ Decays within supergravity slower due to spread
wavefunctions

@ D3-brane decays fast

@ Symmetry breaking D7-branes have potentially observable
iscussion decays
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Comparison to Previous Results

DM .
Classical Decays

(Berndsen, Cline, & Stoica)
@ Considered just inflationary throat
@ Allowed only irrelevant deformations (classically allowed)
@ Found decay T' ~ w™*kM; /M,

@ Several of our decays faster
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Comparison to Previous Results

DM .
Classical Decays

(Berndsen, Cline, & Stoica)
@ Considered just inflationary throat
@ Allowed only irrelevant deformations (classically allowed)
@ Found decay T’ ~ w™*kM; /M,

@ Several of our decays faster

Gravitons Only

(Dufaux, Kofman, & Peioso)

@ Roughly similar D3 couplings computed

@ No decays to gravitons allowed by orthogonality
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Discussion and Future Directions

Many models have very long-lived KK modes
D3-type Standard Models on verge of being ruled out

Fermionic couplings (including fermionic DM)

Cosmic history:

@ Return to reheating in brane and other inflation models
e Does angular motion affect tunneling rates?
e Trace out thermal history, as done for gravitons

@ Can holography teach us about compactifications beyond
tree level?

uture
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Discussion and Future Directions

Many models have very long-lived KK modes
D3-type Standard Models on verge of being ruled out

Fermionic couplings (including fermionic DM)

Cosmic history:

e Return to reheating in brane and other inflation models
e Does angular motion affect tunneling rates?
e Trace out thermal history, as done for gravitons

@ Can holography teach us about compactifications beyond
tree level?
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Summary

© History of Holography & String Cosmology
© Reheating and Kaluza-Klein Relics

© The Spectrum & Dark Matter Candidates
© Interactions and Decay Rates

© Discussion of Results
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Mo Signal
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Mo Zignal
Ga-1




