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I. Euclidean solutions: Instantons in gauge theory

Belavin, Polyakov, Schwartz, Typkin ‘75



I. Euclidean solutions: Instantons in double well
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I. Euclidean solutions: 
Bounce in asymmetric double well
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Coleman 1977



I. Euclidean solutions: Oscillating bounces
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Coleman, De Luccia 1980,
Hackworth, Weinberg, 2004



II. Fluctuations of  Topology
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II. Transitions with change of  topology & particle 

creation

G.L., Rubakov, Tinyakov (1987) 
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II. Muon number “non-conservation” process 
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II. Giddings-Strominger axion Wormholes

Giddings-Strominger 1988
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III. Interpretation of  Wormholes
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III: Baby universe interpretation    

G.L., Rubakov, Tinyakov 1988
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III: Baby universe interpretation



IV. Linear stability analysis:

 Rubakov & Shvedov 1996, Found single negative mode about 

GS wormhole in O(4) symmetric (homogeneous) sector

 Alonso & Urbano,  2017-2019, Showed that there are no 

negative modes in homogeneous sector!

 Hertog, Truijen & VanRiet, 2019, Clamed that Euclidean Axion 

Wormholes have multiple non-homogeneous Negative Modes

 Loges, Shiu & Sudhir, 2022, Using gauge invariant approach 

showed showed that Euclidean Axion Wormholes do not have 

any Negative Modes.
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2.Setup
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On-shell action 
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Equations of  motion
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Initial conditions

18



GS solution
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3. Axion-dilaton wormholes
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“Effective potential”
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“Effective potential”

22



Generalisations of  GS wormholes 
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Generalisations of  GS wormholes 
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Generalisations of  GS wormholes 
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Axion-Dilaton wormholes leading to 

expanding baby universes 
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Axion-Dilaton wormholes leading to 

expanding baby universes 
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Axion-Dilaton wormholes leading to 

expanding baby universes 
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Axion-Dilaton wormholes leading to 

expanding baby universes 
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Comparision of  GS and expanding wormholes
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4. Axion-scalar wormholes

leading to expanding baby universes
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Axion-scalar wormholes

leading to expanding baby universes:

Large charge case
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Axion-scalar wormholes

leading to expanding baby universes:

Small charge case
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Axion-scalar wormholes

leading to expanding baby universes:

Action vs N
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Axion-scalar wormholes

leading to expanding baby universes:

Action to charge ratio
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Oscillating 

Axion-scalar wormholes 
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Oscillating wormholes
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5. Urgent Open question:

 Linear stability analysis of various wormhole solutions!
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5. Conclusions :

 We found a whole zoo of Euclidean axionic wormholes in two 
different theories: axion - massive dilaton and axion - scalar 
with a symmetric potential.

 Euclidean wormholes are very interesting & exciting, but the 
same time very confusing & obscure objects. 

 Definitely more work needs to be done to understand deeply 
the role of wormholes in quantum gravity and their relevance 
to physical effects.   
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IV. Interpretation of  Wormholes:
Three types of  solutions   

van Riet (2020)
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No axion-scalar wormholes with 

non-trivial scalar field in symmetric potential!
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Parameter count:
Massive dilaton: N, m, ß;         Scalar field: N, λ, v
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Generalisations of  GS wormholes 
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Symmetric double well
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