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The idea that not all effective QFTs remain consistent when 
embedded in a theory with gravity

Modern incarnation due to Vafa and many co-workers

Early conjectures/indications: 

No global symmetries (Misner & Wheeler, 1957)

Gravitational anomalies (Delbourgo & Salam, 1972)

Good if we have restrictions on possible low-energy EFTs!
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At present most of the suggested criteria take the form of conjectures, 
often with unknown O(1) constants appearing, and having varying levels 
of support

There is an ever-growing interconnected list

i) No global symmetries
ii) Weak gravity conjecture (WGC)
iii) Compactness and completeness
iv) Swampland de Sitter
v) Distance conjecture
vi) ....

Major question #3 what impact does the Swampland Program 
have on our understanding of the Standard Model (if any)?
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No Global Symmetries

The best supported (and oldest) Swampland conjecture is that 
global symmetries (GS) are not exact in gravitational theories

Natural pheno question:

A famous extension is the Weak Gravity Conjecture which
amongst other things stops us realising a GS as the zero coupling 
limit of a gauge theory (Arkani-Hamed etal, 2006) 

Much evidence in favour of the no-GS statement, including a
proof in AdS using AdS/CFT (Harlow & Ooguri, 2019) 

What is the bound on how high-quality an approximate GS
can be, and how precisely does the violation occur?
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Swampland Global Symmetry Conjecture 
(Daus, Hebecker, Leonhardt, JMR arXiv:2002.02456 )

Consider, eg, the gauging of a p-form gauge theory by a (p+1)-form
theory (equivalently the `Higgsing' of later by former)

In the Higgsed version the charged (p-1)-branes of the p-form theory
cease to exist as independent objects for lack of gauge invariance

They can only appear as boundaries of p-branes charged under      

only this combination is invariant under 

https://arxiv.org/abs/2002.02456
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We can apply this logic to usual ("0-form") GSs:

Take a usual U(1) 1-form gauge potential             and Higgs it
by gauging a (0-form) axion     (the Stuckleberg 'trick')

Aµdx
µ

<latexit sha1_base64="ZM1qdLFN8vCCFo08fa5Uhm9YN/w=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0JVU3LisYB/QxDKZTNuhk0mYh1hCf8ONC0Xc+jPu/BunbRbaeuByD+fcy9w5YcqZ0q777RRWVtfWN4qbpa3tnd298v5BSyVGEtokCU9kJ8SKciZoUzPNaSeVFMchp+1wdDP1249UKpaIez1OaRDjgWB9RrC2kn/d82ODoqcH23rlilt1Z0DLxMtJBXI0euUvP0qIianQhGOlup6b6iDDUjPC6aTkG0VTTEZ4QLuWChxTFWSzmyfoxCoR6ifSltBopv7eyHCs1DgO7WSM9VAtelPxP69rdP8yyJhIjaaCzB/qG450gqYBoIhJSjQfW4KJZPZWRIZYYqJtTCUbgrf45WXSqlW9s2rt7rxSv8rjKMIRHMMpeHABdbiFBjSBQArP8ApvjnFenHfnYz5acPKdQ/gD5/MHoSiRaA==</latexit>

Vector and the axion then become heavy,                   , and any charged 
field that remains light for whatever reason inherits a U(1) GS

Crucially, though, the "(p-1)-brane" a "-1-brane" is now an instanton
that is the boundary of the particle worldline

�
<latexit sha1_base64="2Ftq3SaoKH/LR5kPUntsrmQZWNc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQU9S8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8N2xEbVmlt3F0DrxCtIDQq0R9Wv4TgmqaDSEI61HnhuYvwMK8MIp/PKMNU0wWSKJ3RgqcSCaj9b3DpHF1YZozBWtqRBC/X3RIaF1jMR2E6BTaRXvVz8zxukJrzxMyaT1FBJlovClCMTo/xxNGaKEsNnlmCimL0VkQgrTIyNp2JD8FZfXifdRt27qjcemrXWbRFHGc7gHC7Bg2towT20oQMEIniGV3hzhPPivDsfy9aSU8ycwh84nz/i044f</latexit>

L = |@µ�+Aµ|2 +
1

g2f2
|@µA⌫ � @⌫Aµ|2

<latexit sha1_base64="466EAbZOGkjiirDElbwqYYOoA6k="></latexit>

m2 = g2f2
<latexit sha1_base64="8dH2itUTQsmN6uas3l2DrSIxNhU=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9ldBb0oBS8eK9gP2G5LNs22odlkSbJCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpRypo3rfjuFtfWNza3idmlnd2//oHx41NQyU4Q2iORStSOsKWeCNgwznLZTRXEScdqKRnczv/VElWZSPJpxSsMEDwSLGcHGSkHS9W8GXR/FXb9XrrhVdw60SrycVCBHvVf+6vQlyRIqDOFY68BzUxNOsDKMcDotdTJNU0xGeEADSwVOqA4n85On6MwqfRRLZUsYNFd/T0xwovU4iWxngs1QL3sz8T8vyEx8HU6YSDNDBVksijOOjESz/1GfKUoMH1uCiWL2VkSGWGFibEolG4K3/PIqafpV76LqP1xWard5HEU4gVM4Bw+uoAb3UIcGEJDwDK/w5hjnxXl3PhatBSefOYY/cD5/AKsIkC8=</latexit>

worldline�of�particle�with��
global�charge

instanton�that�
terminates�
worldline



This corresponds (for a fixed instanton position     ) to the termx⇤<latexit sha1_base64="jiDn71p4fK+VgACoLaG1MLY5MW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQkAS8eI5oHJCHMTnqTIbOzy8ysGJZ8ghcPinj1i7z5N06SPWhiQUNR1U13lx8Lro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1fKpRsEl1g03AluxQhr6Apv+6GbqNx9RaR7JBzOOsRvSgeQBZ9RY6f6pd9YrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10duqEnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcdVMu48SgZPNFQSKIicj0b9LnCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjUrZOy9X7i5K1essjjwcwTGcggeXUIVbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AAEujZk=</latexit>



It follows that the operator induced in the EFT by the instanton sum is
of general form

This corresponds (for a fixed instanton position     ) to the termx⇤<latexit sha1_base64="jiDn71p4fK+VgACoLaG1MLY5MW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQkAS8eI5oHJCHMTnqTIbOzy8ysGJZ8ghcPinj1i7z5N06SPWhiQUNR1U13lx8Lro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1fKpRsEl1g03AluxQhr6Apv+6GbqNx9RaR7JBzOOsRvSgeQBZ9RY6f6pd9YrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10duqEnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcdVMu48SgZPNFQSKIicj0b9LnCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjUrZOy9X7i5K1essjjwcwTGcggeXUIVbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AAEujZk=</latexit>

instanton�
actionZ

d4x
p

�detg �(x)e�SI+i�(x) + h.c
<latexit sha1_base64="dVy1wxvGBecYlimYpRQvuIj7Vto="></latexit>



It follows that the operator induced in the EFT by the instanton sum is
of general form
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instanton�
action

More precisely, the factor           makes the operator gauge invariant, but
after gauge fixing                one is left with the GS-violating
operator

ei�(x)
<latexit sha1_base64="FOtxqO1se4EXo7fghMsXf/FdzQ4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJexGQU8S8OIxgnlAsobZSW8yZPbhzGwwLPkOLx4U8erHePNvnCR70MSChqKqm+4uLxZcadv+tlZW19Y3NnNb+e2d3b39wsFhQ0WJZFhnkYhky6MKBQ+xrrkW2Iol0sAT2PSGN1O/OUKpeBTe63GMbkD7Ifc5o9pILj6kvBMPeOnpbEK6haJdtmcgy8TJSBEy1LqFr04vYkmAoWaCKtV27Fi7KZWaM4GTfCdRGFM2pH1sGxrSAJWbzo6ekFOj9IgfSVOhJjP190RKA6XGgWc6A6oHatGbiv957UT7V27KwzjRGLL5Ij8RREdkmgDpcYlMi7EhlElubiVsQCVl2uSUNyE4iy8vk0al7JyXK3cXxep1FkcOjuEESuDAJVThFmpQBwaP8Ayv8GaNrBfr3fqYt65Y2cwR/IH1+QMcX5Gm</latexit>

�(x) = 0
<latexit sha1_base64="QghkJUKCB5jFV+9h7dmd/49vbWo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuFfSiFLx4rGA/pF1KNs22oUl2SbJiWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnroxkNWfjq9cnvFkltxZ0DLxMtICTLUe8Wvbj8iiaDSEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcSCaj+dHTxBJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+TmPDST5mME0MlmS8KE45MhKbfoz5TlBg+tgQTxeytiAyxwsTYjAo2BG/x5WXSrFa8s0r17rxUu87iyMMRHEMZPLiAGtxCHRpAQMAzvMKbo5wX5935mLfmnGzmEP7A+fwBrOaPpw==</latexit>

�N = ±1
<latexit sha1_base64="h7/Cb7OEbtoWpkUMXoHQbeVcNZw=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4KrtV0ItS0IMnqWA/oLuUbJq2oUl2SWYLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz86JEcAOe9+2srK6tb2wWtorbO7t7++7BYcPEqaasTmMR61ZEDBNcsTpwEKyVaEZkJFgzGt5O/eaIacNj9QTjhIWS9BXvcUrASh3XDe6YAIIf8DUOEon9jlvyyt4MeJn4OSmhHLWO+xV0Y5pKpoAKYkzb9xIIM6KBU8EmxSA1LCF0SPqsbakikpkwm10+wadW6eJerG0pwDP190RGpDFjGdlOSWBgFr2p+J/XTqF3FWZcJSkwReeLeqnAEONpDLjLNaMgxpYQqrm9FdMB0YSCDatoQ/AXX14mjUrZPy9XHi9K1Zs8jgI6RifoDPnoElXRPaqhOqJohJ7RK3pzMufFeXc+5q0rTj5zhP7A+fwBJMKSBg==</latexit>

Z
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It follows that the operator induced in the EFT by the instanton sum is
of general form
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instanton�
action

More precisely, the factor           makes the operator gauge invariant, but
after gauge fixing                one is left with the GS-violating
operator

ei�(x)
<latexit sha1_base64="FOtxqO1se4EXo7fghMsXf/FdzQ4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJexGQU8S8OIxgnlAsobZSW8yZPbhzGwwLPkOLx4U8erHePNvnCR70MSChqKqm+4uLxZcadv+tlZW19Y3NnNb+e2d3b39wsFhQ0WJZFhnkYhky6MKBQ+xrrkW2Iol0sAT2PSGN1O/OUKpeBTe63GMbkD7Ifc5o9pILj6kvBMPeOnpbEK6haJdtmcgy8TJSBEy1LqFr04vYkmAoWaCKtV27Fi7KZWaM4GTfCdRGFM2pH1sGxrSAJWbzo6ekFOj9IgfSVOhJjP190RKA6XGgWc6A6oHatGbiv957UT7V27KwzjRGLL5Ij8RREdkmgDpcYlMi7EhlElubiVsQCVl2uSUNyE4iy8vk0al7JyXK3cXxep1FkcOjuEESuDAJVThFmpQBwaP8Ayv8GaNrBfr3fqYt65Y2cwR/IH1+QMcX5Gm</latexit>

�(x) = 0
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�N = ±1
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Z
d4x

p
�detg �(x)e�SI+i�(x) + h.c

<latexit sha1_base64="dVy1wxvGBecYlimYpRQvuIj7Vto="></latexit>

Z
d4x

p
�detg �(x)e�SI + h.c

<latexit sha1_base64="wSH0gnpOGD7KeLZFKjVclURYl+0="></latexit>

Primary question: is there a bound on the instanton action?



Yes! There is an analogue of the WGC for instantons 
(Arkani-Hamed, Nicolis, Motl & Vafa, 2006) 



Yes! There is an analogue of the WGC for instantons 

For U(1) gauge theories: |q| � mp
2Mpl
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<latexit sha1_base64="amnNMhAFt+MDhF3V2ZflZ7wBO0c=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KkkVdCUFN26EivYBTQiT6aQdOjOJMxOhhGzc+CtuXCji1n9w5984bbPQ1gMXDufcy733hAmjSjvOt7WwuLS8slpaK69vbG5t2zu7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4eXYbz8QqWgs7vQoIT5HfUEjipE2UmAf3EKPkXsIvUginF0HmSc5TFieZ1Ee2BWn6kwA54lbkAoo0AjsL68X45QToTFDSnVdJ9F+hqSmmJG87KWKJAgPUZ90DRWIE+Vnky9yeGSUHoxiaUpoOFF/T2SIKzXioenkSA/UrDcW//O6qY7O/YyKJNVE4OmiKGVQx3AcCexRSbBmI0MQltTcCvEAmTi0Ca5sQnBnX54nrVrVPanWbk4r9YsijhLYB4fgGLjgDNTBFWiAJsDgETyDV/BmPVkv1rv1MW1dsIqZPfAH1ucP9NOYPQ==</latexit>

For instantons and 0-forms: (action�is�like�mass,�
f�is�like�charge)

(Arkani-Hamed, Nicolis, Motl & Vafa, 2006) 
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For instantons and 0-forms: (action�is�like�mass,�
f�is�like�charge)

(Arkani-Hamed, Nicolis, Motl & Vafa, 2006) 

There is also a magnetic version of the WGC which relates f to a cutoff

⇤ <⇠
p

Mplf
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1) Same bound as derived by Fichet & Sasarawat by a totally 
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and so is a much more severe breakdown of EFT than, eg, just a new 
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leading operators given a low-E EFT field content (cf, B&L in SM)

5) Wrt phenomenology, our uncertainty about size of cutoff & c 
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1) Same bound as derived by Fichet & Sasarawat by a totally 
different argument

2) There are arguments that the cutoff     is related to a string tension, 
and so is a much more severe breakdown of EFT than, eg, just a new 
particle state

3) Expect that operators that violate the symmetry by                  
are suppressed by 

4) Unbroken continuous or discrete gauge symmetries can forbid the
leading operators given a low-E EFT field content (cf, B&L in SM)

5) Lots of explicit examples satisfy this bound (see paper...)
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Part II



Swampland de Sitter Conjecture

One of the most striking of the conjectured constraints is the refined 
swampland de Sitter conjecture (SdSC) for the potential 

(Obied, Ooguri, Spodyneiko & Vafa, 2018;
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Swampland de Sitter Conjecture

One of the most striking of the conjectured constraints is the refined 
swampland de Sitter conjecture (SdSC) for the potential 

for O(1) coeffs 

Potentials with metastable de Sitter vacua are in the swampland,
as are regions of field space that are too flat for V>0

derivative�in�field�directions

(Obied, Ooguri, Spodyneiko & Vafa, 2018;
                Ooguri, Palti, Shiu & Vafa, 2018) 
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arguments being made both for and against

Here I will assume that the SdSC is true as stated & investigate
consequences

Dominant use so far - early and present cosmology 

Here will make the claim that plausibly SdSC limits 
flavour structure of quarks and maybe even sheds

new light on the hierarchy problem 
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Metastable States of QCD with Light Quarks

Well known that for N>2 light quarks the Chiral Lagrangian predicts
metastable states (Witten, 1980; Creutz, 1995; Smilga, 1999;...)
Since this phenomena is core to our claims let's describe in detail

Consider SU(3) QCD with N light quarks, so that theory is still
confining and chiral symmetry breaking occurs

Low-energy physics determined by pNGB Chiral Lagrangian

NXN�light�quark�mass�matrix��
(diagonal�without�loss�of�generality)
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but as can factor-out overall scale really N parameters 

All space-time independent extrema of Chiral L potential are of form

Here                                    are a useful re-combination of the vev's of the
SU(N) Cartan sub-algebra pions, satisfying constraint  
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Thus form of potential determining critical points of the theory is

subject to the constraint

Thus in this potential to each quark mass an angle is associated

Moreover, condition for a critical point is given by a tower of identities

can�understand�critical�points�
geometrically�-�`fan�diagrams'�

(see�paper...)



Hessian matrix around these critical points is 

so a necessary condition for positive definiteness is 

cos�i > 0 8i<N
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Can straightforwardly study nature of critical points as quark mass
ratios and topological angle vary...



Simple case: Metastable states at equal quark masses

A particularly simple case occurs if all masses are equal: then
the critical point condition + the necessary condition for positive
definiteness + the unitary condition

=)
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Thus for N>2 there is more than one n in the range, and
metastable states exist

Simple case: Metastable states at equal quark masses



Eg, 3 equal mass quarks:



local�maxima

saddle�pointslocal�(metastable)�minima

Eg, 3 equal mass quarks:



local�maxima

saddle�pointslocal�(metastable)�minima

Eg, 3 equal mass quarks:

metastable state exists in range 



metastable 
states exist

More complicated case: 4 quarks in 2 equal mass groups



More complicated case: 6 quarks in 2 equal mass groups for ✓̄ = 0
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We argue that all the regions of parameter space with
metastable states are plausibly excluded by the SdSC

from descending from a theory with gravity



We argue that all the regions of parameter space with
metastable states are plausibly excluded by the SdSC

from descending from a theory with gravity

What about the observed SM parameter values:
3 light quark masses, mu,d,s and         ? ✓̄ = 0

<latexit sha1_base64="HgMVaNAYrDs86UJ1tGF6+4R/a0U=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsJuFPSiBLx4jGAekF3C7KSTDJl9MNMrxCVf4sWDIl79FG/+jZNkD5pY0FBUddPdFSRSaHScb6uwtr6xuVXcLu3s7u2X7YPDlo5TxaHJYxmrTsA0SBFBEwVK6CQKWBhIaAfj25nffgSlRRw94CQBP2TDSAwEZ2iknl3OvIAp6uEIkE2vnZ5dcarOHHSVuDmpkByNnv3l9WOehhAhl0zrrusk6GdMoeASpiUv1ZAwPmZD6BoasRC0n80Pn9JTo/TpIFamIqRz9fdExkKtJ2FgOkOGI73szcT/vG6Kgys/E1GSIkR8sWiQSooxnaVA+0IBRzkxhHElzK2Uj5hiHE1WJROCu/zyKmnVqu55tXZ/Uanf5HEUyTE5IWfEJZekTu5IgzQJJyl5Jq/kzXqyXqx362PRWrDymSPyB9bnDzh3ksk=</latexit>



metastable 
states exist

For SM:



Amusingly the condition that theory is safe from metastable 
states for any value of    in an N-light-quark theory is
 

✓̄
<latexit sha1_base64="+dEntGyaGknxCU+Gvu7lVF6M6FE=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KkkV9CQFLx4r2A9oQplst+3SzSbuTgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5YSKFQdf9dtbWNza3tgs7xd29/YPD0tFx08SpZrzBYhnrdgiGS6F4AwVK3k40hyiUvBWO7mZ+a8y1EbF6xEnCgwgGSvQFA7RSkPkhaOrjkCNMu6WyW3HnoKvEy0mZ5Kh3S19+L2ZpxBUyCcZ0PDfBIAONgkk+Lfqp4QmwEQx4x1IFETdBNj96Ss+t0qP9WNtSSOfq74kMImMmUWg7I8ChWfZm4n9eJ8X+TZAJlaTIFVss6qeSYkxnCdCe0JyhnFgCTAt7K2VD0MDQ5lS0IXjLL6+SZrXiXVaqD1fl2m0eR4GckjNyQTxyTWrkntRJgzDyRJ7JK3lzxs6L8+58LFrXnHzmhPyB8/kDxwOSFw==</latexit>

This is satisfied by the SM light quarks

But if had, say, 5 or 6 light quarks with not large mass ratios
then would have metastable states at ✓̄ = 0
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Robustness Against Quintessence

So far haven't addressed obvious question of how SdSC is consistent with our
presently observed cosmic acceleration (CA)

This is potentially deadly as adding new states, eg, quintessence, in the far IR can
possibly destabilise local metastable minima and nullify our results

Assuming the SdSC is correct I am aware of at least three possible responses to CA

i) CA is not due to a cosmological constant but an evolving quintessence field,
a possibility which is (marginally) consistent with data and the SdSC

ii)   CA is due to "Thermal Dark Energy" -- an effective energy density due to
unusual thermal effects in a hidden sector which is not in conflict with the SdSC

iii)  The heterodox view that either CA is not what is being observed in the data or
the far IR theory is not GR! Unlikely but not logically impossible

(Hardy & Parameswaran, 2019)

(Agrawal, Obied, Steinhardt &Vafa, 2019)
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Thus we add an ultra-light quintessence field and consider the two general possibilities

a) Sequestered:

b) Un-sequestered wrt SM:

branches�of�
potential

the�SM�parameters�-�
quark�masses,�theta-angle

We must now enforce the SdSC conditions

and see if a successful quintessence potential is consistent



Thus we add an ultra-light quintessence field and consider the two general possibilities

a) Sequestered:

b) Un-sequestered wrt SM:

branches�of�
potential

the�SM�parameters�-�
quark�masses,�theta-angle

We must now enforce the SdSC conditions

and see if a successful quintessence potential is consistent



Sequestered case: 

metastable�branch

ground�state�branch

by�definition�of�sequestered�the�slope�of�the�
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doesn't�change�depending�on�pNGB�vevs�(and�

thus�which�branch)

Applying the SdSC conditions in     direction to the metastable branch



Sequestered case: 

metastable�branch

ground�state�branch

by�definition�of�sequestered�the�slope�of�the�
potential�in�the�quintessence�direction�
doesn't�change�depending�on�pNGB�vevs�(and�

thus�which�branch)�

Applying the SdSC conditions in     direction to the metastable branch



In either situation the slope in the quintessence direction is then forced to be huge and
      almost immediately evolves to deep AdS and a big crunch 

Eg, in case of 1st condition being satisfied, in both branches the field evolves as

Then vacuum energy in ground-state branch evolves to AdS in a extremely small
fraction of a Hubble time

for our vacuum energy 
and up-quark mass(                              )

Fundamental reason for failure is huge disparity between        
our vacuum energy and mq⇤

3
QCD
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Un-sequestered case:

Now, in principle slope in quintessence direction could change greatly between
metastable branch (where pNGB vevs are             ) and ground state branch of QCD
simultaneously satisfying SdSC in both cases and not implying immediate big crunch

O(f⇡)
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Problem is that this needs relatively huge couplings of     to the pion fields

destabilises required flatness of quintessence potential unless extreme tuning
of multiple terms



Metastable States of Pure SU(3)

Is the N=0 case of no-light quarks similarly constrained by the SdSC?

Particularly interesting as we can achieve this limit in two ways 

i) take all Yukawa couplings            with                          fixed vEW = 247 GeV
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ii) fix all Yukawa couplings and take vEW � 50 TeV
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In either case we have no light quarks below 

In case ii) our thinking might lead to a new perspective
on the hierarchy problem 
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Because there is no matter the two gauge groups are totally decoupled

We are aware of no argument that              has metastable states

But in the large      limit,               almost certainly possesses
a rich spectrum of metastable states!

(Witten, 1980, 1998; Shifman, 1999;....)

What is the basic argument?

multiple branches of the potential energy are required to reconcile

              i)  Must be a periodic function                           

              ii) Has the form                               with             -periodic2⇡
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These two properties compatible if a multi-branched function

true�ground�state

extra�critical�
branches�
of�potential

Witten argued that in                    limit all the extra critical points were local minima
and even at            there would be                metastable states 

Nc ! 1
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Properties of these states?

Define the topological susceptibility 

Then one order parameter distinguishing the various states is 

hQin = (✓ + 2⇡n)�
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(there are other possible order parameters such as the QCD string tension)

Thus the metastable states are not CP-invariant even if ✓ = 0,⇡
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Moreover, for                  the difference in energy densities is n ⌧ Nc
<latexit sha1_base64="GlXsKSFustIvam5p6psz4/+IhQQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFL56kgv2ANpTNdtIu3Wzi7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rSdUmsfywYwT9CM6kDzkjBortWVXCHLXY71S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZvRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nzpM8VMiPGllCmuL2VsCFVlBkbUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwYwEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHg72PnA==</latexit>
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(Gabadaze & Shifman, 2002)
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(Gabadaze & Shifman, 2002)
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Overall picture is believed to continue to hold but now a subset of the critical points 
become local maxima and saddle points, and the number of local minima depends 
non-trivially on ✓

<latexit sha1_base64="VRbFNfU2yJrhxTioHNG9u2eQ22g=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9i2rt/rJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pUWPLA==</latexit>

What happens at finite       ? Nc
<latexit sha1_base64="Sw3AkBupv8uhdU3sdmxwfxsF4ks=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzThBP6IDyUPOqLHSw12P9Uplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmlWK955pXp/Ua5d53EU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w8Yyo2s</latexit>

There have been no sufficiently good lattice studies of this question, so we don't know truth! 

Eg, one recent analytic semiclassical study finds the number of metastable states to be 

(Aitken, Cherman, & Unsal, 2018)

If correct for small Nc then Nc=4 QCD has a metastable state at  but not Nc=3✓ = 0
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Different semiclassical arguments do find metastable state at  for Nc=3 QCD ✓ = 0
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(Halperin & Zhitnitsky, 1998)
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There have been no sufficiently good lattice studies of this question, so we don't know truth! 

Eg, one recent analytic semiclassical study finds the number of metastable states to be 

(Aitken, Cherman, & Unsal, 2018)

If correct for small Nc then Nc=4 QCD has a metastable state at  but not Nc=3✓ = 0
<latexit sha1_base64="VePlhMhRG/hIh96Dpxj3KQI/Mek=">AAAB8HicbVBNS8NAEN34WetX1aOXxSJ4KkkV9KIUvHisYD+kDWWznbRLd5OwOxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzaHBYxnrdsAMSBFBAwVKaCcamAoktILR7dRvPYE2Io4ecJyAr9ggEqHgDK302MUhILt2aa9UdivuDHSZeDkpkxz1Xumr2495qiBCLpkxHc9N0M+YRsElTIrd1EDC+IgNoGNpxBQYP5sdPKGnVunTMNa2IqQz9fdExpQxYxXYTsVwaBa9qfif10kxvPIzESUpQsTni8JUUozp9HvaFxo4yrEljGthb6V8yDTjaDMq2hC8xZeXSbNa8c4r1fuLcu0mj6NAjskJOSMeuSQ1ckfqpEE4UeSZvJI3RzsvzrvzMW9dcfKZI/IHzucP8KSP0w==</latexit>

Different semiclassical arguments do find metastable state at  for Nc=3 QCD ✓ = 0
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(Halperin & Zhitnitsky, 1998)



Thus it is just possible that Nf=0, Nc=3 QCD has metastable states
and therefore the SdSC could forbid the                         limit!vEW � 50 TeV
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Will be very interesting to have lattice studies of this question...



Thanks for your attention!














