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LIGHT SCALAR DARK MATTER: 
SPACE OF 2-PARAMETER MODELS
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ALP = Minimal cosmological assumptions 

FDM = Ultralight axion 

QCD = Solve Strong CP problem 

Relaxion = Breaks CP; has scalar  

                       couplings to matter

Index of Models

V(ϕ) = m2
ϕ f 2 [1 − cos ( ϕ

f )]
≈

m2
ϕ

2
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(mϕ /f )2
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MinMod: a pNGB w/ potential

10-23 10-20 10-17 10-14 10-11 10-8 10-5 10-2 101106
109

1012
1015
1018



J. Eby, Weizmann Institute

RELAXIONS
➤ Proposed to solve hierarchy problem
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Slide by Hyungjin Kim
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RELAXION DARK MATTER
➤ DM abundance from misalignment 

➤ Relaxion breaks CP, mixes with Higgs  

➤ Scalar + pseudoscalar couplings 

➤ Oscillation of fundamental constants 

➤ Extremely difficult to probe scalar couplings

Banerjee, Kim, Perez (1810.01889)

ℒ ⊃ ge ϕ ē e +
gγ

4
ϕ FμνFμν

ϕ(t) ∝ cos(mϕt)
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(1) Natural Relaxion (2) Physical Relaxion

Relaxion-Higgs Mixing:  sin θ ∼
vEW

f
≲

mϕ

vEW
δmϕ ≲ mϕ
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STRONG 5TH FORCE CONSTRAINTS
➤ Classic experiments look for long-range force from virtual 

ℒ ⊃ ge ϕ ē e +
gγ

4
ϕ FμνFμν

ϕ
Arvanitaki, Huang, Van Tilburg (1405.2925)

Hees, Minazzoli, Savalle, Stadnik, Wolf (1807.04512)
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➤ Is there a way to do better??
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[many more] …………
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ATOMIC PHYSICS: A ‘NEW’ FRONTIER
➤ Cutting-edge atomic experiments are achieving incredible sensitivity to variation of 

fundamental constants! 

➤ Historically, constraints only at low mass / frequency. No longer! 

➤ For background DM density, this corresponds to 

➤ Still too weak! (compared to 5th Force searches) 

➤ However: direct searches are sensitive to

( δme

me )
exp

≃ 10−14 ( δα
α )

exp
≃ 10−16(Today)

( δme

me )
exp

≃ 10−18 ( δα
α )

exp
≃ 10−18(Near future)

(1 year??)

ge ≲ 10−20 ( mϕ

10−15 eV ) gγ ≲ 10−18 GeV−1 ( mϕ

10−15 eV )
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e.g. Aharony et al. (1902.02788)(mϕ ≲ 10−15 eV ∼ 1 Hz)

ϕ(t) =
2ρlocal

mϕ
cos(mϕt)
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LIGHT SCALAR SUBSTRUCTURE —> OVERDENSITY
➤ Small scales: Light scalar DM suppresses gravitationally-bound 

substructure at scales smaller than 

➤ Substructure described by ground state of classical field 

➤ “Boson star”, “Axion condensate”, “Soliton”, “Oscillaton”, … 

➤ Boson star idea 50 years old; renaissance in last ~10 years

λdB = 1 AU × ( 10−15 eV
mϕ ) ( 10−3c

v )
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LIGHT SCALAR SUBSTRUCTURE —> OVERDENSITY
➤ Small scales: Light scalar DM suppresses gravitationally-bound 

substructure at scales smaller than 

➤ Substructure described by ground state of classical field 

➤ “Boson star”, “Axion condensate”, “Soliton”, “Oscillaton”, … 

➤ Boson star idea 50 years old; renaissance in last ~10 years

λdB = 1 AU × ( 10−15 eV
mϕ ) ( 10−3c

v )

Two classes of questions:
What kind of substructure is around? 

(Formation, History, Spectrum)

Given substructure, what to search for? 

(Stability, Interactions, Signals)

This talk
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Kolb and Tkachev (PRL 1993),  
Schive, Chiueh, Broadhurst  (1406.6586) 

Levkov, Panin, Tkachev (1804.05857) 
Vaquero, Redondo, Stadler (1809.09241)  

………
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LIGHT SCALAR DM: COSMOLOGICAL HISTORY
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High energy scale f:  

Broken U(1) symmetry
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High energy scale f:  

Broken U(1) symmetry

Lower energy scale                 :  

Tilt potential, obtain mass

Λ = mϕ f

Axion 

Miniclusters
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LIGHT SCALAR DM: COSMOLOGICAL HISTORY
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High energy scale f:  

Broken U(1) symmetry

Lower energy scale                 :  

Tilt potential, obtain mass

Λ = mϕ f

Axion 

Miniclusters
Boson 
Stars

Relaxation? 

Cooling? 

Fragmentation?

Coherently Oscillating  

Scalar Field

ω ≃ mϕ

ϕ(r, t) = ϕ0(r) cos(ωt)
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BOSON STARS
➤ Nonrelativistic, classical field: 

i
∂ψ
∂t

= [−
∇2

2mϕ
+ Vg ( |ψ |2 ) + Vint ( |ψ |2 )] ψ

Kinetic energy
(Repulsive)

Poisson Gravity

(Attractive)
∇2Vg = 4 π G m2

ϕ ψ
2

Self-interactions
For axion potential,

V(ϕ) = m2
ϕ f 2 [1 − cos ( ϕ

f )] =
m2

ϕ

2
ϕ2 −

1
4! ( mϕ

f )
2

ϕ4 +
1

6! f 2 ( mϕ

f )
2

ϕ6 − . . .

Leading time dependence
·ψ ∼ (μ − mϕ)ψ ≪ mϕψ

E(ψ) = ∫ d3r [ |∇ψ |2

2mϕ
+

1
2

Vg |ψ |2 −
λ

16m2
ϕ

|ψ |4 +
g

m5
ϕ

|ψ |6 − . . . ]

Large radius           Small radius

E
M⋆

∼
a

R2
⋆

−
b M⋆

R⋆
−

c M⋆

R3
⋆

+
d M2

⋆

R6
⋆

− . . .

mϕ ∫ d3r |ψ |2 = M⋆

Normalization
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Gross-Pitaevskii+Poisson (GPP)

} }
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STABLE BOUND STATES
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JE, Leembruggen, Suranyi, Wijewardhana (1608.06911)

}
M⋆ ≈

M2
P

m2
ϕ R⋆

Mmax ≈ 10
MP f
mϕ

Chavanis (1103.2050), with Delfini (1103.2054)

Braaten, Mohapatra, Zhang (1512.00108)

Dilute
Dense
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➤ Energy minima = Bound states
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STABLE BOUND STATES

➤ Nuggets of stable, nuclear-density dark matter?? 

➤ Dense states decay fast to relativistic scalars
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Fodor, Forgacs, Horvath, Mezei (0903.0953) 

Hertzberg (1003.3459) 

Mukaida, Takimoto, Yamada (1612.07750)

oscillon case: boson star case:
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Natural clump scale

mϕ ∼ 10−22 eV and f ∼ 1016 GeV

Natural clump scale

SUBSTRUCTURE SCALES

QCD axion FDM axion
mϕ ∼ 10−5 eV and f ∼ 1011 GeV

Can obtain very
different models for halo

substructure from simulations

M ∼ 10−11M⊙

R ∼ 100 km R ∼ 100 pc

M ∼ 1010M⊙

Axteroids Galaxy
Core

(“Fuzzy Dark Matter”)

DM Background

Schive, Chiueh, Broadhurst (1406.6586)
Kolb and Tkachev (PRL 1993) 

Vaquero, Redondo, Stadler (1809.09241)

Expect O(0.01-1) DM 

fraction in clumps
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COLLISIONS
➤ Won't these things hit us? (Should we worry?)

Γcollision = n⋆σv⋆

ρlocal

M⋆ π R2
⋆ 200 km /sec

But M⋆ ∝ R−1
⋆

Γcollision ∝ ρlocalR3
⋆ m2

ϕso 

Overdensity δ ≡
ρ⋆

ρlocal
∝ ρ−1

local R−4
⋆ m−2

ϕ

Collision rate 
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<latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit> 10 �
7
eV

<latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit>

�
=
1/
ye
ar

<latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit>

� =
1

<latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit>

� =
10
3

<latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit>

� =
10
6

<latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit>

U
ns
ta
bl
e

<latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit>

f
=
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6 G
eV

<latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit>

f
=
10

8 G
eV

<latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit> f
=
10

10
G
eV

<latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit>

G
NO

M
E

<latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit>

relaxion
stars

<latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit>
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COLLISIONS
➤ Won't these things hit us? (Should we worry?)

Γcollision = n⋆σv⋆

ρlocal

M⋆ π R2
⋆ 200 km /sec

But M⋆ ∝ R−1
⋆

Γcollision ∝ ρlocalR3
⋆ m2

ϕso 

Overdensity δ ≡
ρ⋆

ρlocal
∝ ρ−1

local R−4
⋆ m−2

ϕ

Collision rate 

Collisions elsewhere in the galaxy?

JE, Leembruggen, Leeney, Suranyi, Wijewardhana (1701.01476)

Axion stars with other axion stars
Axion stars with regular stars
Axion stars with neutron stars (explain Fast Radio Bursts??) Iwazaki (1410.4323), …..
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<latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit>

10 �
3
eV

<latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit>

10 �
5
eV

<latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit> 10 �
7
eV

<latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit>

�
=
1/
ye
ar

<latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit>

� =
1

<latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit>

� =
10
3

<latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit>

� =
10
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<latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit>

U
ns
ta
bl
e

<latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit>

f
=
10

6 G
eV

<latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit>

f
=
10

8 G
eV

<latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit> f
=
10

10
G
eV

<latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit>

G
NO

M
E

<latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit>

relaxion
stars

<latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit>

Cotner (1608.00547)
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THE “LOCAL DENSITY”
➤ To do better: need to think outside the box.

Standard Picture 
“Galaxy Halo”

�13

Earth

DM Background

As every child knows,
ρlocal = 0.4 GeV/cm3

➤ Transient encounters with self-gravitating boson stars are rare 

➤ Our Idea: Boson star supported by something other than self-gravity 

➤ Large scalar field density allowed, if bound to Earth or Sun

GC

Assumes viral equilibrium of galaxy
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RELAXION HALO SCENARIOS

Relaxion Halo
Earth

DM Background

δ ≫ 1

Halo supported by Sun 
“Solar Halo”

Sun

mϕ = 10−17 ÷ 10−13 eV
∼ mHz ÷ 10 Hz
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Relaxion Halo

Earth

DM Background

δ ≫ 1

Halo supported by Earth 
“Earth Halo”

mϕ = 10−13 ÷ 10−8 eV
∼ 10 Hz ÷  MHz

R⋆ > RER⋆ > AU

R⋆ ≈
M2

P

m2
ϕ Mext



J. Eby, Weizmann Institute

CONSTRAINTS ON LOCAL OVERDENSITIES
➤ Gravitational measurements constrain the scenario

10-17 10-15 10-13 10-11 10-9 10-710-1210-1010-810-610-410-2100

Adler (0808.0899)Pitjev and Pitjeva (1306.5534)

Lunar Laser Ranging 

+ LAGEOS Satellite

Solar System Ephemerides 

(Mercury, Mars, Saturn)

�15

➤ Sort of degeneracy of parameters: constraint on ge,  gγ ⇔ M⋆
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HALO OVERDENSITY

�16

Captured
by Earth

by Sun10-18 10-16 10-14 10-12 10-10 10-8 10-610-4210-3710-3210-2710-2210-17



J. Eby, Weizmann Institute

ATOMIC SENSITIVITY: SOLAR HALO

➤ Can do better than EP tests, probing natural models near 

10-20 10-17 10-14 10-11 10-810-2910-2710-2510-2310-2110-19

10-20 10-17 10-14 10-11 10-810-26
10-24
10-22
10-20
10-18
10-16

Solid:                        Dashed:            10−16 10−18Sensitivity:

mϕ ∼ 10−16 − 10−14 eV
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ATOMIC SENSITIVITY: EARTH HALO

➤ Can probe physical relaxion models in near future!

10-20 10-17 10-14 10-11 10-810-2910-2710-2510-2310-2110-19

10-20 10-17 10-14 10-11 10-810-26
10-24
10-22
10-20
10-18
10-16

Solid:                        Dashed:                          Dotted:10−14 10−16 10−18Sensitivity:

�18
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PRELIMINARY

PSEUDOSCALAR COUPLINGS
➤ Ongoing work: modification to traditional axion searches 

➤ Updates soon!

�19

10-16 10-14 10-12 10-10 10-8 10-6 10-4
10-30
10-25
10-20
10-15
10-10

10-16 10-14 10-12 10-10 10-8 10-610-35
10-30
10-25
10-20
10-15
10-10

PRELIMINARY

CASPEr-ElectricABRACADABRA

ℒ ⊃
gϕγγ

4
ϕ FμνF̃μν

ℒ ⊃ gd ϕ N† ( ⃗σ ⋅ ⃗E ) N
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CONCLUSIONS
➤ DM substructure is a unique handle on light scalar DM 

➤ Can look for transient signals, or (!) consistent overdensity 

➤ For DM with scalar couplings, use atomic physics experiments to 
probe variation of fundamental constants 

➤ Halo formation story unclear; at this point, just some ideas (…) 

➤ Huge sensitivity enhancement in halo scenario 

➤ Halo scenario also modifies sensitivity for pseudo scalar couplings! 

➤ CASPEr, ABRACADABRA, GNOME, DM Radio, … update soon!

�20

THANK YOU!
Thanks to Zuckerman STEM Leadership Program for financial support



DIRECTOR’S CUT 
(INCLUDES DELETED 

SCENES)
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MASS-RADIUS RELATION
➤ Possible we live in a (very) local over/underdensity 

➤ Intriguing that scalar field bound to external object has stable 
ground-state configuration with size independent of        ! 

➤        only constrained by measurements of local gravity

R⋆ ≈
M2

P

m2
ϕ Mext

�22

M⋆

i ·ψ = [−
∇2

2m
+ Vg+Vext] ψ

Mext ≫ M⋆

M⋆
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➤ Relaxion halo is coherently oscillating state 

➤ Coherence length 

➤ Coherence time

HALO COHERENCE LENGTH / TIME

R⋆ =
M2

P

m2
ϕ Mext

=
1

mϕ v

τ⋆ =
1

mϕ v2
≈ {

103 sec  × (10−9 eV/mϕ)3  for R⋆ > R⊕

103 sec   for R⋆ ≲ R⊕

Earth Halo

Solar Halo10-16 10-14 10-12 10-10 10-8 10-6
10-11
10-8
10-5

Earth Halo

Solar Halo

10-17 10-15 10-13 10-11 10-9 10-7
10-7
10-5

0.001
0.100

(for Earth halo)



J. Eby, Weizmann Institute

SMALL-SCALE CONTROVERSIES
➤ A big problem? 

➤ No problem?

“Cusp-Core” “Missing Satellites”
Weinberg et al. (1306.0913)

�24
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SMALL-SCALE CONTROVERSIES
➤ A big problem? 

➤ No problem?

“Cusp-Core” “Missing Satellites”
Weinberg et al. (1306.0913)

Deng et al: “No.” 

Me: “…maybe, but it’s fine either way.”

�24
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DENSE: NOT SO STABLE AFTER ALL
➤ Recall that axions are real scalars: no number conservation 

➤ Decay to photons:             , small rate if  

➤ Can decay through self-interactions: 

➤ On-shell:  

➤ Off-shell decays in bound state: 

➤ 3—>1 dominant, large when 

�25

m ≲ eVa → γγ

4 a → 2 a

3 abound → afree

|E − m | ≲ 0.998

Braaten, Mohapatra, Zhang (1609.05182)

JE, Suranyi, Wijewardhana (1512.01709), with Ma (1705.05385)

dM
dt

∝ e−1/ 1 − (E/m)2

Fodor, Forgacs, Horvath, Mezei (0903.0953) 

Hertzberg (1003.3459) 

Mukaida, Takimoto, Yamada (1612.07750)

Known from oscillon literature, 

(bound state of no gravity)
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…ALSO NOT SO NON-RELATIVISTIC
➤ Non-relativistic limit assumes field energy  

➤ Relativistic corrections are legion: 

a. Special Relativity:  

b. Scalar field contains higher harmonic modes: 

c. General Relativity??  

! (thankfully, gravity is small in crossover to dense region!)

�26

E = 𝒪(m)

ϕ = [ϕ1 e−i E t + ϕ3 e−3 i E t + . . . ] + h . c .

EK = p2 + m2 − m ≈
p2

2m
−

p4

8 m3
+ . . .
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‘FULL’ MASS SPECTRUM
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1000 105 107 1091

1000

106

109

1012

M [f 2/m]

R
[1/
m
]

JE, Suranyi, Wijewardhana (1712.04941)

Other versions of ‘classical 
nonrelativistic real scalar 
field effective field theory’ 

(CNREFT):
Namjoo, Guth, Kaiser (1712.00445) 

Braaten, Mohapatra, Zhang (1806.01898) 

JE, Mukaida, Takimoto, Wijewardhana, 

Yamada (1807.09795)

Relativistic, 

Decays fast

Structurally unstable 

to collapse

Fully stableUpshot: 

Dilute boson stars 

are what we have 

to work with
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A PHENOMENOLOGICAL APPROACH (GNOME)
➤ Assume                             

➤  Global Network of Optical Magnetometers 

➤ To search for Exotic Physics (GNOME) 

➤ But…

Γcollision = 1/year, δ = 104

⇒ M⋆ ∼ 2 × 107 kg, R⋆ ∼ 10 RE

ℒ ⊃
∇ϕ ⋅ S

flin
+

ϕ∇ϕ ⋅ S
f 2

quad

Kimball, Budker, JE et al. (1710.04323)
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7
eV

<latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit>

�
=
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ye
ar

<latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit>

� =
1

<latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit>

� =
10
3

<latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit>

� =
10
6

<latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit>

U
ns
ta
bl
e

<latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit>

f
=
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6 G
eV

<latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit>

f
=
10

8 G
eV

<latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit> f
=
10

10
G
eV

<latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit>

G
NO

M
E

<latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit>

relaxion
stars

<latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit><latexit sha1_base64="wDJfTO5cgdaEtKEZjK2e/79jvSw=">AAACH3icbVDLTgIxFO3gC/GFunDhppGQuCIzxkTdEd24xESEBCak07lAQ+eR9g6BTPgZ3ep/uDJu+Q2/wAKzEPAkTU7Oubc9PV4shUbbnlq5jc2t7Z38bmFv/+DwqHh88qKjRHGo80hGqukxDVKEUEeBEpqxAhZ4Ehre4GHmN4agtIjCZxzH4AasF4qu4AyN1CmetRFGqIJUgWQjI1GNTOlJp1iyK/YcdJ04GSmRDLVO8aftRzwJIEQumdYtx47RTZlCwSVMCuV2oiFmfMB60DI0ZAFoN53/YELLRvFpN1LmhEjnauHPRsoCrceBZyYDhn296s3E/7xWgt1bNxVhnCCEfPFQN5EUIzqrg/pCAUc5NoRxJUxYyvtMMY6mtKWb/KGIdZZ6tIhtSnJWK1kn9avKXcV5ui5V77O28uScXJBL4pAbUiWPpEbqhJMJeSPv5MN6tT6tL+t7MZqzsp1TsgRr+gtC9aTn</latexit>

Banerjee, Budker, JE, Kim, Perez (1902.08212)
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EXAMPLE: COLLISIONS WITH STARS
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(Next step for this scenario: simulate galaxy with 

stars, including spectrum of axion stars) 

(Some other talk…)
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AXION POTENTIAL

�31

V(ϕ) = m2f 2 [1 − cos ( ϕ
f )]

=
m2

2
ϕ2 −

m2

4! f 2
ϕ4 + . . .

NR Limit:

ϕ =
1

2m [e−i m tψ +c . c . ]
(If    is real)ϕ

Veff = V(ϕ) −
m2

2
ϕ2

= m2 f 2 1 − J0
ψ*ψ

2 m f 2
−

m
2

|ψ |2 + 𝒪(e±i m t)

= −
1

8 f 2
|ψ |4 + . . .

-� - �

2

�

2
�
�

1

2

1-Cos[�]

i
∂ψ
∂t

= [−
∇2

2m
+ Vg ( |ψ |2 )+Veff ( |ψ |2 )] ψ



J. Eby, Weizmann Institute

AXION POTENTIAL

�31

V(ϕ) = m2f 2 [1 − cos ( ϕ
f )]

=
m2

2
ϕ2 −

m2

4! f 2
ϕ4 + . . .

NR Limit:

ϕ =
1

2m [e−i m tψ +c . c . ]
(If    is real)ϕ

Veff = V(ϕ) −
m2

2
ϕ2

= m2 f 2 1 − J0
ψ*ψ

2 m f 2
−

m
2

|ψ |2 + 𝒪(e±i m t)

= −
1

8 f 2
|ψ |4 + . . .

-� - �

2

�

2
�
�

1

2

1-Cos[�]

i
∂ψ
∂t

= [−
∇2

2m
+ Vg ( |ψ |2 )+Veff ( |ψ |2 )] ψ



J. Eby, Weizmann Institute

EARLY UNIVERSE OVERDENSITIES
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ORIGINAL AXION MINICLUSTER SIMULATIONS

�33

[Kolb and Tkachev, PRL 1993]
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RELAXATION?
➤ Initial overdensity 

➤ Grows with scale factor
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RECENT SIMULATIONS: BOSE STAR FORMATION
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Levkov, Panin, Tkachev (1804.05857)
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RECENT SIMULATIONS: MINICLUSTERS
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Vaquero, Redondo, Stadler (1809.09241)
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FORMATION IN EARLY UNIVERSE (QCD)

�37

Inflation before PQ breaking Inflation after PQ breaking

Ωa ∼ ( f
1012 GeV )

7/6

⟨θ0
2⟩ Ωa ∼ ( f

1012 GeV )
7/6

θ0
2

Axion 

Miniclusters
Isocurvature Only
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MINICLUSTER MASS SPECTRUM (QCD)

�38

[Fairbairn, Marsh, Quevillion, and Rozier, 1707.03310]



Dark Blobs
Heavy Bound 

States

M⊙

10−23 eV
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HEAVY DM: A (BIASED) REVIEW

Axions

String/GUT
Axions

Axion-Like
Particles

QCD Axions

Sterile Neutrinos
Dark Photons

SIMPs

Warm Dark
Matter

Supersymmetry
"Extra" HiggsWIMPs

MaCHOs Black Holes
Boson Stars

[     ]

Garcia-Bellido and Clesse  

(1710.04694)

Baundis 

(1408.4371)

Graham et al. 

(1203.2531)



DM CANDIDATES

Many, many orders of magnitude 
in mass 

Ideas at every scale 

Below here, must be bosonic. Why? 

Pauli Exclusion precludes 

�40
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[     ]

Dark BlobsHeavy Bound 

States

𝒩 ∼
ρlocal

m4 δv3
∼ 106 ⋅ ( ρlocal

0.4 GeV/cm3 ) ⋅ ( eV
m )
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⋅ ( 10−3 c
δv )

3

M⊙

10−23 eV
𝒩 > 1


