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I.	The	Landscape
and	the	Swampland
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Quantum
Mechanics Gravity+ = ?

Yet	to	be	understood	from	1st	principles

String	theory	provides	many	indirect,
exquisitely	detailed	insights

…but
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Insight	#1:	There	are	many	QG	theories

Standard Model(?)

QGs

…
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(constructed
in	string	theory) “The	landscape”

“Theory	space”
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Insight	#2:	…but	not	everything	goes
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…(constructed
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Insight	#2:	…but	not	everything	goes

QGs

…(constructed
in	string	theory) “The	landscape”

“The	swampland”

“Theory	space”
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“The	landscape”

“The	swampland”

“Theory	space”
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Insight	#2:	…but	not	everything	goes



Ex:	“Theorem”
Quantum	gravi5es	cannot	have
global	symmetries	(e.g.,	baryon	number)

“Proof”
Create	a	black	hole	by	colliding	baryons
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kBT =
~c3

8⇡GM

S =
kBc3

4~G AHorizon

Quantum	black	holes	glow

event horizon
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Infinitely many
microstates!

(Contradicts
Bekenstein-Hawking

entropy formula)

Black	Hole
Mass

Baryon	number

Remnants
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Baryon	number	is	violated!
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e.g.,
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Baryon	number	is	violated!

vs.

…proton	decays	too	rapidly!
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(MSSM)

yrs
versus

⌧obs & 1034 yrs!

⌧pred ⇠ 1020
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+<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJn BW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

What	if	the	symmetry	is	gauged	(coupled
to	a	long	range	force)	rather	than	global?

<latexit sha1_base64="DlmZ4wxx8PW2Duhi4eHUbvBfUpM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rjw4jEB84BkCbOT3mTM7MwyMyuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0wwZTQul2RA0KLrFhuRXYTjXSJBLYikZ3M7/1hNpwJR/sOMUwoQPJY86odVKz3pVI/F6p7Ff8OcgqCXJShhy1Xumr21csS1BaJqgxncBPbTih2nImcFrsZgZTykZ0gB1HJU3QhJP5tVNy7pQ+iZV2JS2Zq78nJjQxZpxErjOhdmiWvZn4n9fJbHwbTrhMM4uSLRbFmSBWkdnrpM81MivGjlCmubuVsCHVlFkXUNGFECy/vEqal5XguhLUr8pVP4+jAKdwBhcQwA1U4R5q0AAGj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AqhWOeg==</latexit>

Q 6= 0

Charged	remnants?



?
MBH ⇠ Mpl

07

<latexit sha1_base64="gW51t9T/owUg4L2XlHZccuR5UxQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VBIR9Vjw4rFa+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZqPPQb/VLZrbpzkFXi5aQMOer90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SloXVe+q6t1flmuVPI4CnMIZVMCDa6jBHdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gD/a42I</latexit>

RS

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJn BW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

What	if	the	symmetry	is	gauged	(coupled
to	a	long	range	force)	rather	than	global?

<latexit sha1_base64="DlmZ4wxx8PW2Duhi4eHUbvBfUpM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rjw4jEB84BkCbOT3mTM7MwyMyuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jco0wwZTQul2RA0KLrFhuRXYTjXSJBLYikZ3M7/1hNpwJR/sOMUwoQPJY86odVKz3pVI/F6p7Ff8OcgqCXJShhy1Xumr21csS1BaJqgxncBPbTih2nImcFrsZgZTykZ0gB1HJU3QhJP5tVNy7pQ+iZV2JS2Zq78nJjQxZpxErjOhdmiWvZn4n9fJbHwbTrhMM4uSLRbFmSBWkdnrpM81MivGjlCmubuVsCHVlFkXUNGFECy/vEqal5XguhLUr8pVP4+jAKdwBhcQwA1U4R5q0AAGj/AMr/DmKe/Fe/c+Fq1rXj5zAn/gff4AqhWOeg==</latexit>

Q 6= 0

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+Now	there	is
an	electric	field:

<latexit sha1_base64="IVCoeUnizH8bjRcQ8fwrKirEvJw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS47JfKrsVdw6ySryclCFHvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXUkkj1H42P3RKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmrfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2RRtCN7yy6ukdVXxbipe47pcq+ZxFOAUzuACPLiFGtxDHZrAAOEZXuHNeXRenHfnY9G65uQzJ/AHzucPcHuMqw==</latexit>

+
(Too	much
charge	destroys
the	horizon)

Charged	remnants?



M

No	BHs

08

<latexit sha1_base64="GV4tloFubX0xAjvWp+iCHeWWQKs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RyUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarXvK7U3TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Ap6uMyQ==</latexit>

Q
No	BHs
Extremal BHsExtremal BHs

Large black holes discharge inefficiently

<latexit sha1_base64="oBof1TbUM80QmiIG9mJvGeIxoK4=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIqBuh4KbLCn1BG8JkOmmHTiZh5kYtMQt/xY0LRdz6G+78G6ePhbYeuHA4517uvSdIBNfgON/W0vLK6tp6YaO4ubW9s2vv7Td1nCrKGjQWsWoHRDPBJWsAB8HaiWIkCgRrBcObsd+6Y0rzWNZhlDAvIn3JQ04JGMm3D+t+1gX2AFmV3A+57Oc5vsaOb5ecsjMBXiTujJTQDDXf/ur2YppGTAIVROuO6yTgZUQBp4LlxW6qWULokPRZx1BJIqa9bHJ/jk+M0sNhrExJwBP190RGIq1HUWA6IwIDPe+Nxf+8TgrhlZdxmaTAJJ0uClOBIcbjMHCPK0ZBjAwhVHFzK6YDoggFE1nRhODOv7xImmdl96Ls3p6XKs4sjgI6QsfoFLnoElVQFdVQA1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPhDiVtQ==</latexit>

TH
aw

ki
ng
= 0

Charged	remnants?



M

No	BHs

08

<latexit sha1_base64="GV4tloFubX0xAjvWp+iCHeWWQKs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RyUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarXvK7U3TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Ap6uMyQ==</latexit>

Q
No	BHs
Extremal BHsExtremal BHs

Charged	remnants?



M

No	BHs

08

<latexit sha1_base64="GV4tloFubX0xAjvWp+iCHeWWQKs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RyUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarXvK7U3TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Ap6uMyQ==</latexit>

Q
No	BHs
Extremal BHsExtremal BHs

Only possible when

<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="IVCoeUnizH8bjRcQ8fwrKirEvJw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dtbWNza3tgs7xd29/YPD0tFxS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS47JfKrsVdw6ySryclCFHvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXUkkj1H42P3RKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmrfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2RRtCN7yy6ukdVXxbipe47pcq+ZxFOAUzuACPLiFGtxDHZrAAOEZXuHNeXRenHfnY9G65uQzJ/AHzucPcHuMqw==</latexit>

+
<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+
<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+
<latexit sha1_base64="eVlrqokRZQTE99homC8L1LLwYd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2CIJRERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84hK81jem2mCfkRHkoecUWOl5vmgXHVr7gLkL/FyUoUcjUH5sz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZObXKkISxsiUNWag/JzIaaT2NAtsZUTPWq95c/M/rpSa88TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX/5L2hc176rmNS+r9UoeRxFOoAJn4ME11OEOGtACBghP8AKvzoPz7Lw578vWgpPPHMMvOB/fad2MlQ==</latexit>

+

<latexit sha1_base64="gdse365/Ti1QxZfKeg6SACyVqxs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF4+12A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip2c8G5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0tn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5rw1s+4TFKDki0XhakgJibzt8mQK2RGTC2hTHF7K2FjqigzNpySDcFbfXmdtK+qXq3qPVxX6s08jiKcwTlcggc3UId7aEALGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AaJMjXs=</latexit>{
<latexit sha1_base64="/dZ6mKXEx8TF2xYxRQ7LrMlA/mY="></latexit>�� q
m

�� �
�� Q
M

��
ext BH

Charged	remnants?



09

(Arkani-Hamed,	Motl,	Nicolis,	Vafa	’06)

There	is	a	charged	parAcle	with
<latexit sha1_base64="LDGVJ4Z9FVwG2qtD52ANh/eB3VA="></latexit>����
q

m

���� �
����
Q

M

����
ext BH

(Otherwise	would	have	charged	remnants)

The	Weak	Gravity	Conjecture	(WGC)



09

There	is	a	charged	par/cle	with
<latexit sha1_base64="LDGVJ4Z9FVwG2qtD52ANh/eB3VA="></latexit>����
q

m

���� �
����
Q

M

����
ext BH

(Otherwise	would	have	charged	remnants)

“Gravity	is	the	weakest	force!”
<latexit sha1_base64="DHrR2NcXT6H/8fv4li4BkHjBnqo=">AAACFXicbVDLSgNBEJyN7/iKevQyGAQPIeyKqEdBEE+iYEwgCWF20kmGzM4sM71qWPMTXvwVLx4U8Sp482+cPMBHLGgoqrrp7gpjKSz6/qeXmZqemZ2bX8guLi2vrObW1q+sTgyHEtdSm0rILEihoIQCJVRiAywKJZTD7vHAL1+DsUKrS+zFUI9YW4mW4Ayd1MgV7k4aaQ3hFtNjnUgdhf3+Ha21gX4bZ3CDWjm9kcv7RX8IOkmCMcmTMc4buY9aU/MkAoVcMmurgR9jPWUGBZfQz9YSCzHjXdaGqqOKRWDr6fCrPt12SpO2tHGlkA7VnxMpi6ztuYPpdsSwY/96A/E/r5pg67CeChUnCIqPFrUSSVHTQUS0KQxwlD1HGDfC3Up5hxnG0QWZdSEEf1+eJFe7xWC/GFzs5Y8K4zjmySbZIjskIAfkiJySc1IinNyTR/JMXrwH78l79d5GrRlvPLNBfsF7/wLBVaBj</latexit>

|FCoulomb| � |FNewton| for	iden/cal	pair

(Arkani-Hamed,	Motl,	Nicolis,	Vafa	’06)
The	Weak	Gravity	Conjecture	(WGC)



10

e.g.,	for	electromagne1c	forces

The	Weak	Gravity	Conjecture	(WGC)

easily	sa1sfied!
<latexit sha1_base64="EwjAvMcqxWc5iZrI1nSAB4Of28Q=">AAACN3icbVDLSsNAFJ3UV62vqks3g0VwoSWp1bosuNCVVLAPaNIymU7aoTNJmJkIJeSv3Pgb7nTjQhG3/oHTJgttPTBwOOdc7tzjhoxKZZovRm5peWV1Lb9e2Njc2t4p7u61ZBAJTJo4YIHouEgSRn3SVFQx0gkFQdxlpO2Or6Z++4EISQP/Xk1C4nA09KlHMVJa6hdvbU8gHJNeJYmr0A5pAm1JOUxle+QiAXESW2c1bQyH8B ryvg6nIcvsxafV88Q+gVmyXyyZZXMGuEisjJRAhka/+GwPAhxx4ivMkJRdywyVEyOhKGYkKdiRJCHCYzQkXU19xIl04tndCTzSygB6gdDPV3Cm/p6IEZdywl2d5EiN5Lw3Ff/zupHyLp2Y+mGkiI/TRV7EoArgtEQ4oIJgxSaaICyo/ivEI6QbU7rqgi7Bmj95kbQqZeuiXL2rlupmVkceHIBDcAwsUAN1cAMaoAkweASv4B18GE/Gm/FpfKXRnJHN7IM/ML5/ALOfqeA=</latexit>

e2

4⇡
⇠ ~c

137
� Gm2

e ⇠ 10�45 ~c



10

e.g.,	for	electromagne1c	forces

The	Weak	Gravity	Conjecture	(WGC)

easily	sa1sfied!

but	for	a	“fiEh	force”	such	as	B	(really	B-L)
<latexit sha1_base64="XXdRfe63H/ZjmNNpG9bbq7JukCQ=">AAACIHicbVDLSsNAFJ34rPUVdelmsAgutCS12C4LLnQlLdgHNGmZTCft0JkkzEyEEvIpbvwVNy4U0Z1+jZO2C209cOFwzr3ce48XMSqVZX0ZK6tr6xubua389s7u3r55cNiSYSwwaeKQhaLjIUkYDUhTUcVIJxIEcY+Rtje+zvz2AxGShsG9mkTE5WgYUJ9ipLTUNyuOLxBOGv27XilNytCJaAodxuAN5JkGHUk5tK1ecnFZTZ 1z6Iw8JCDumwWraE0Bl4k9JwUwR71vfjqDEMecBAozJGXXtiLlJkgoihlJ804sSYTwGA1JV9MAcSLdZPpgCk+1MoB+KHQFCk7V3xMJ4lJOuKc7OVIjuehl4n9eN1Z+1U1oEMWKBHi2yI8ZVCHM0oIDKghWbKIJwoLqWyEeIZ2Y0pnmdQj24svLpFUq2lfFcqNcqFnzOHLgGJyAM2CDCqiBW1AHTYDBI3gGr+DNeDJejHfjY9a6YsxnjsAfGN8/hvigpA==</latexit>

Q2
N

4⇡
⌧ Gm2

N ⇠ 10�38 ~c

<latexit sha1_base64="EwjAvMcqxWc5iZrI1nSAB4Of28Q=">AAACN3icbVDLSsNAFJ3UV62vqks3g0VwoSWp1bosuNCVVLAPaNIymU7aoTNJmJkIJeSv3Pgb7nTjQhG3/oHTJgttPTBwOOdc7tzjhoxKZZovRm5peWV1Lb9e2Njc2t4p7u61ZBAJTJo4YIHouEgSRn3SVFQx0gkFQdxlpO2Or6Z++4EISQP/Xk1C4nA09KlHMVJa6hdvbU8gHJNeJYmr0A5pAm1JOUxle+QiAXESW2c1bQyH8B ryvg6nIcvsxafV88Q+gVmyXyyZZXMGuEisjJRAhka/+GwPAhxx4ivMkJRdywyVEyOhKGYkKdiRJCHCYzQkXU19xIl04tndCTzSygB6gdDPV3Cm/p6IEZdywl2d5EiN5Lw3Ff/zupHyLp2Y+mGkiI/TRV7EoArgtEQ4oIJgxSaaICyo/ivEI6QbU7rqgi7Bmj95kbQqZeuiXL2rlupmVkceHIBDcAwsUAN1cAMaoAkweASv4B18GE/Gm/FpfKXRnJHN7IM/ML5/ALOfqeA=</latexit>

e2

4⇡
⇠ ~c

137
� Gm2

e ⇠ 10�45 ~c

not	sa1sfied
(by	nucleons)!

B-force

gravity



II.	The	Weak	Gravity	Conjecture



The	Magne)c	WGC (AMNV	’06)

No	(generalized)	global	symmetries

11
<latexit sha1_base64="jm1Yhw03jCLM07+E+8XP55uESwo=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY22wuS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmkeQDTglYqeeWu7dKRppHQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARiVjHUkliZoJsdvgEH1uljwdK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFAaXQcZlkgKTdL5okAoMCk9TwH2uGQUxtoRQze2tmA6JJhRsViUbgr/48jJpnlb986p/d1apXeVxFNEhOkInyEcXqIZuUB01EEUpekav6M15cl6cd+dj3lpw8pkD9AfO5w9CEJN8</latexit>

=)

Magne)c	monopoles	exist!

(e.g.,	2104.07036
			&	earlier	“folk	theorem”)



The	Magne)c	WGC (AMNV	’06)

No	(generalized)	global	symmetries

11
<latexit sha1_base64="jm1Yhw03jCLM07+E+8XP55uESwo=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY22wuS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmkeQDTglYqeeWu7dKRppHQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARiVjHUkliZoJsdvgEH1uljwdK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFAaXQcZlkgKTdL5okAoMCk9TwH2uGQUxtoRQze2tmA6JJhRsViUbgr/48jJpnlb986p/d1apXeVxFNEhOkInyEcXqIZuUB01EEUpekav6M15cl6cd+dj3lpw8pkD9AfO5w9CEJN8</latexit>

=)

Magne)c	monopoles	exist!

(e.g.,	2104.07036
			&	earlier	“folk	theorem”)

WGC	for	magne)c	charge	requires
<latexit sha1_base64="ueVEQSznlOzk9UDsiRaB0pVnw30="></latexit>����
qmag

m

���� �
����
Qmag

M

����
ext BH



The	Magne)c	WGC (AMNV	’06)

Monopole	self-energy

⇤�1

12Scale	of	new	physics

<latexit sha1_base64="ChBOTRNJsxcya3USxjyJlFr0L0c=">AAACF3icbVC5TgMxFPSGK4QrQEljESFRRbsRAspINBQUQSKHlA2R13mbWPEe2G8R0Wr/goZfoaEAIVro+Buco4CEJ9kezcyz/caLpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLU8pkGKEOooUEIrVsACT0LTG16M9eY9KC2i8AZHMXQC1g+FLzhDQ3WL5YC6fTS6OX3FeHrXTV2EB0yNMctuK1kKZqPulbmzx7rFkl22J0UXgTMDJTKrWrf45fYingQQIpdM67Zjx9hJmULBJWQFN9EQMz5kfWgbGLIAdCedzJXRI8P0qB8ps0KkE/Z3R8oCrUeBZ5wBw4Ge18bkf1o7Qf+8k4owThBCPn3ITyTFiI5Doj2hgKMcGcC4EuavlA+YiQdNlAUTgjM/8iJoVMrOadm5PilVK7M48uSAHJJj4pAzUiWXpEbqhJNH8kxeyZv1ZL1Y79bH1JqzZj375E9Znz/ZoqBM</latexit>

m &
q2mag

e2
⇤



The	Magne)c	WGC (AMNV	’06)

Monopole	self-energy

WGC

=) ⇤ . eMpl

⇤�1

12Scale	of	new	physics

<latexit sha1_base64="Imm7+Z8a3ONL7RS/ovRFfrJQeto=">AAACG3icbVA9SwNBFNzz2/gVtbRZDIKFhLsgamEh2NgICsYEciHsbd7p4u7duftODMv9Dxv/io2FIlaChf/GTUyhiQMLw8w83r6JMikM+v6XNzE5NT0zOzdfWlhcWl4pr65dmjTXHOo8laluRsyAFAnUUaCEZqaBqUhCI7o57vuNO9BGpMkF9jJoK3aViFhwhk7qlGuKHtLQ3Gq0tSLcoWGsGbe3HRsi3KN16aIoLBT01Ela0UwWnXLFr/oD0HESDEmFDHHWKX+E3ZTnChLkkhnTCvwM25ZpFFxCUQpzAxnjN+wKWo4mTIFp28FtBd1ySpfGqXYvQTpQf09YpozpqcglFcNrM+r1xf+8Vo7xQduKJMsREv6zKM4lxZT2i6JdoYGj7DnCuBbur5RfM9cOujpLroRg9ORxclmrBnvV4Hy3clQb1jFHNsgm2SYB2SdH5ISckTrh5IE8kRfy6j16z96b9/4TnfCGM+vkD7zPb7VUodQ=</latexit>

m <
p
2
qmag

e
Mpl

<latexit sha1_base64="ChBOTRNJsxcya3USxjyJlFr0L0c=">AAACF3icbVC5TgMxFPSGK4QrQEljESFRRbsRAspINBQUQSKHlA2R13mbWPEe2G8R0Wr/goZfoaEAIVro+Buco4CEJ9kezcyz/caLpdBo299Wbml5ZXUtv17Y2Nza3inu7jV0lCgOdR7JSLU8pkGKEOooUEIrVsACT0LTG16M9eY9KC2i8AZHMXQC1g+FLzhDQ3WL5YC6fTS6OX3FeHrXTV2EB0yNMctuK1kKZqPulbmzx7rFkl22J0UXgTMDJTKrWrf45fYingQQIpdM67Zjx9hJmULBJWQFN9EQMz5kfWgbGLIAdCedzJXRI8P0qB8ps0KkE/Z3R8oCrUeBZ5wBw4Ge18bkf1o7Qf+8k4owThBCPn3ITyTFiI5Doj2hgKMcGcC4EuavlA+YiQdNlAUTgjM/8iJoVMrOadm5PilVK7M48uSAHJJj4pAzUiWXpEbqhJNH8kxeyZv1ZL1Y79bH1JqzZj375E9Znz/ZoqBM</latexit>

m &
q2mag

e2
⇤



The	Magne)c	WGC (AMNV	’06)

Monopole	self-energy

m <
p
2
Q

e
Mpl

m & Q2

e2
⇤

WGC
⇤�1

12What	happens	at	new	physics	scale				?	

=) ⇤ . eMpl

<latexit sha1_base64="92z24H4u5c8RtmNfoP7Zc6DKjo8=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCBymJiHosePHgoYK1hTaUzealXbrZhN2NUEJ/hBcPinj193jz37htc9DWgYVhZh773gSp4Nq47rdTWlldW98ob1a2tnd296r7B486yRTDFktEojoB1Si4xJbhRmAnVUjjQGA7GN1M/fYTKs0T+WDGKfoxHUgecUaNldq9OxsNab9ac+vuDGSZeAWpQYFmv/rVCxOWxSgNE1Trruemxs+pMpwJnFR6mcaUshEdYNdSSWPUfj5bd0JOrBKSKFH2SUNm6u+JnMZaj+PAJmNqhnrRm4r/ed3MRNd+zmWaGZRs/lGUCWISMr2dhFwhM2JsCWWK210JG1JFmbENVWwJ3uLJy+TxvO5d1r37i1rjrKijDEdwDKfgwRU04Baa0AIGI3iGV3hzUufFeXc+5tGSU8wcwh84nz8G/49N</latexit>

⇤



WGC	w/	mul*ple	photons
Z2 = Q2

m

Z1 = Q1

m

BH
region

(Cheung,	Remmen	’14) 13



WGC	w/	mul*ple	photons

(Cheung,	Remmen	’14)

Z2 = Q2

m

Z1 = Q1

m

BH
region

13



WGC	w/	mul*ple	photons

(Cheung,	Remmen	’14)
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BH,	Reece
Rudelius	'15The	WGC	with	Moduli
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BH,	Reece
Rudelius	'15The	WGC	with	Moduli
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Ex.	from	Alim,	BH,	Rudelius,	2108.08309
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m
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BH,	Reece,	Rudelius,	'15,	'19
Andriolo,	Junghans,	Noumi,	Shiu	'18

Subla?ce	/	Tower	WGC

WGC									requires	superextremal
resonances	of	arbitrarily	large	charge!

d� 1
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…

Light	states

sL/TWGC	versus	magne6c	WGC

<latexit sha1_base64="0iPcwMsUmMMquqUpWhBILNlUkZY=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWIQLCTsiqhlwMbCIoJ5QLIss5ObZMjsg5m7ali38FdsLBSx9Tfs/BsnyRaaeGDgcM653DvHjwVXaNvfRmFhcWl5pbhaWlvf2Nwyt3caKkokgzqLRCRbPlUgeAh15CigFUuggS+g6Q8vx37zDqTiUXiLoxjcgPZD3uOMopY8c69zrcNd6qUdhAdMMboHmWWeWbYr9gTWPHFyUiY5ap751elGLAkgRCaoUm3HjtFNqUTOBGSlTqIgpmxI+9DWNKQBKDed3J9Zh1rpWr1I6heiNVF/T6Q0UGoU+DoZUByoWW8s/ue1E+xduCkP4wQhZNNFvURYGFnjMqwul8BQjDShTHJ9q8UGVFKGurKSLsGZ/fI8aZxUnLOKc3Narh7ndRTJPjkgR8Qh56RKrkiN1Akjj+SZvJI348l4Md6Nj2m0YOQzu+QPjM8fC5yWtQ==</latexit>

⇤tower



18

eMpl

…

Light	states

sL/TWGC	versus	magne6c	WGC

<latexit sha1_base64="s2JLWF38hYqV0YgqNsF7bMfVvjo=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2VXRD0WvHizgv2A7lKy6WwbmmS3SVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKgpNGvNYdUKigTMJTcMMh06igIiQQzsc3c789hMozWL5aCYJBIIMJIsYJcZK/tjXTMAY31e981654tbcOfAq8XJSQTkavfKX349pKkAayonWXc9NTJARZRjlMC35qYaE0BEZQNdSSQToIJvfPMVnVunjKFa2pMFz9fdERoTWExHaTkHMUC97M/E/r5ua6CbImExSA5IuFkUpxybGswBwnymghk8sIVQxeyumQ6IINTamkg3BW355lbQuat5VzXu4rNTdPI4iOkGnqIo8dI3q6A41UBNRlKBn9IrenNR5cd6dj0VrwclnjtEfOJ8/t8CQww==</latexit>

q ' O(1)
Assuming	tower	starts	at
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eMpl

…

Light	states

sL/TWGC	versus	magne6c	WGC

⇤�1

Tower	provides	required
				new	physics!



Emergence

eMpl

2eMpl

3eMpl

4eMpl

5eMpl

…

e�

e�

e�

e�

Loops of tower resonances
renormalize elementary charge

<latexit sha1_base64="4IdCwETZfCxoH6gL9D9rT8qLQ7c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF48V7Ac0oWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlIgEo2glnxMfE+ILFeF0UK25dXcBsk68gtSgQGtQ/fKHCctirpBJakzfc1MMcqpRMMlnFT8zPKVsQke8b6miMTdBvrh5Ri6sMiRRom0pJAv190ROY2OmcWg7Y4pjs+rNxf+8fobRbZALlWbIFVsuijJJ7J/zAMhQaM5QTi2hTAt7K2FjqilDG1PFhuCtvrxOOo26d113H65qzUYRRxnO4BwuwYMbaMI9tKANDFJ4hld4czLnxXl3PpatJaeYOYU/cD5/AIprkVA=</latexit>

e ! 1 as
<latexit sha1_base64="89c/rCrRP4nvhs5Kq1JLUjRQWxc=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZOq6LLgRkGhin1AE8NkMm2HziRhZiKUkE9w46+4caGIW5fu/BunbRbaemDgcM653LnHjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41ZZQITBo4YpFo+0gSRkPSUFQx0o4FQdxnpOUPzkd+64EISaPwTg1j4nLUC2mXYqS05Jn7zpUOBwg6KoLESx3B4eVtdp/ah0cZvJ4IMcs8s2xVrDHgLLFzUgY56p755QQRTjgJFWZIyo5txcpNkVAUM5KVnESSGOEB6pGOpiHiRLrp+KAM7mklgN1I6BcqOFZ/T6SISznkvk5ypPpy2huJ/3mdRHXP3JSGcaJIiCeLugmD+vhROzCggmDFhpogLKj+K8R9JBBWusOSLsGePnmWNKsV+6Ri3RyXa9W8jiLYAbvgANjgFNTABaiDBsDgETyDV/BmPBkvxrvxMYkWjHxmG/yB8fkD7LWb1w==</latexit>

⇤ ! e1/3IR Mpl

19



Emergence

eMpl

2eMpl

3eMpl

4eMpl

5eMpl

…

e�

e�

e�

e�

Gravitational interactions
also get stronger

<latexit sha1_base64="NcIXZS0mwWRYSCiIlmFCwSEOmZA=">AAACC3icbVBLSwMxGMzWV62vVY9eQovgqe4WRY8FL16UCvYB3WXJptk2NMmuSVYoS+9e/CtePCji1T/gzX9j2i6orQOBycz3kcyECaNKO86XVVhaXlldK66XNja3tnfs3b2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHwYuK374lUNBa3epQQn6O+oBHFSBspsMtXQeZJDhM2hp6O4c/12FN3UmfX48CuOFVnCrhI3JxUQI5GYH96vRinnAiNGVKq6zqJ9jMkNcWMjEteqkiC8BD1SddQgThRfjbNMoaHRunBKJbmCA2n6u+NDHGlRjw0kxzpgZr3JuJ/XjfV0bmfUZGkmgg8eyhKGTShJ8XAHpUEazYyBGFJzV8hHiCJsDb1lUwJ7nzkRdKqVd3TqnNzUqnX8jqK4ACUwRFwwRmog0vQAE2AwQN4Ai/g1Xq0nq036302WrDynX3wB9bHN6aOmsM=</latexit>

Mpl ! Mpl/
p
N for     light species

<latexit sha1_base64="LIb0/KBPsvqEVlev/S+xLbaqPjs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWat71yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5odOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDYlG4K3/PIqadeq3mXVbV5U6rU8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AKMTjMY=</latexit>

N
19



Emergence

eMpl

2eMpl

3eMpl

4eMpl

5eMpl

…

e�

e�

e�

e�

These scales match!
<latexit sha1_base64="GYt5rLu+Sj42gFFg13ZYs+8crQ0=">AAACH3icbVDLSsNAFJ34tr6iLt0MFsFVm9TnUnCjC0XFtkITy2R6WwdnkjgzEUrIn7jxV9y4UETc9W+ctgG19cDA4ZxzuXNPEHOmtOP0rInJqemZ2bn5wsLi0vKKvbpWU1EiKVRpxCN5ExAFnIVQ1UxzuIklEBFwqAf3x32//ghSsSi81t0YfEE6IWszSrSRmvb+WTP1pMAxz8qeepA6Pc+wp5iABwxD6/Qqu03d8k6Gf7JNu+iUnAHwOHFzUkQ5Lpr2l9eKaCIg1JQTpRquE2s/JVIzyiEreImCmNB70oGGoSERoPx0cF+Gt4zSwu1ImhdqPFB/T6REKNUVgUkKou/UqNcX//MaiW4f+ikL40RDSIeL2gnHOsL9snCLSaCadw0hVDLzV0zviCRUm0oLpgR39ORxUquU3L2Sc7lbPKrkdcyhDbSJtpGLDtAROkEXqIooekIv6A29W8/Wq/VhfQ6jE1Y+s47+wOp9A2hKooI=</latexit>

Mpl/
p
N ' e1/3IR Mpl

19



Emergence

Gravity	and	electromagne2sm	both	become
highly	non-linear	at

<latexit sha1_base64="ehNpRlgafhX/l6SzZXkR1j3GQok=">AAACHHicbVDLSgMxFM34rPVVdekmWARXdaZVdFlwoYJCK/YBnVoy6W0bmsyMSUYow3yIG3/FjQtF3LgQ/BvTx0JbDwQO55zLzT1eyJnStv1tzc0vLC4tp1bSq2vrG5uZre2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/pnQ7/2AFKxwL/VgxCagnR91mGUaCO1MgX3yoTbpBW7UuDyeYJdxQTcYxgrlzfJXewcFhJ8PRZCnrQyWTtnj4BniTMhWTRBqZX5dNsBjQT4mnKiVMOxQ92MidSMckjSbqQgJLRPutAw1CcCVDMeHZfgfaO0cSeQ5vkaj9TfEzERSg2EZ5KC6J6a9obif14j0p3TZsz8MNLg0/GiTsSxDvCwKdxmEqjmA0MIlcz8FdMekYRq02falOBMnzxLqvmcc5yzy0fZYn5SRwrtoj10gBx0goroApVQBVH0iJ7RK3qznqwX6936GEfnrMnMDvoD6+sHUJ+g1Q==</latexit>

⇤QG ' e1/3IR Mpl

20



Emergence

Gravity	and	electromagne2sm	both	become
highly	non-linear	at

<latexit sha1_base64="ehNpRlgafhX/l6SzZXkR1j3GQok=">AAACHHicbVDLSgMxFM34rPVVdekmWARXdaZVdFlwoYJCK/YBnVoy6W0bmsyMSUYow3yIG3/FjQtF3LgQ/BvTx0JbDwQO55zLzT1eyJnStv1tzc0vLC4tp1bSq2vrG5uZre2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/pnQ7/2AFKxwL/VgxCagnR91mGUaCO1MgX3yoTbpBW7UuDyeYJdxQTcYxgrlzfJXewcFhJ8PRZCnrQyWTtnj4BniTMhWTRBqZX5dNsBjQT4mnKiVMOxQ92MidSMckjSbqQgJLRPutAw1CcCVDMeHZfgfaO0cSeQ5vkaj9TfEzERSg2EZ5KC6J6a9obif14j0p3TZsz8MNLg0/GiTsSxDvCwKdxmEqjmA0MIlcz8FdMekYRq02falOBMnzxLqvmcc5yzy0fZYn5SRwrtoj10gBx0goroApVQBVH0iJ7RK3qznqwX6936GEfnrMnMDvoD6+sHUJ+g1Q==</latexit>

⇤QG ' e1/3IR Mpl

Expecta2on:	no2on	of	space2me	breaks	down
at	length	scale

<latexit sha1_base64="iycZTIji8NN0AljEVxds/moP8gk=">AAACE3icbVDLSgMxFM34rPU16tJNsAjios4URTdCwYUuXLRgH9AZhkwmbUOTzJBkhDL0H9z4K25cKOLWjTv/xrQdRFsPXDicc29y7wkTRpV2nC9rYXFpeWW1sFZc39jc2rZ3dpsqTiUmDRyzWLZDpAijgjQ01Yy0E0kQDxlphYOrsd+6J1LRWNzpYUJ8jnqCdilG2kiBfewRxoLMkxzWr0fwEnr9EEmI4Qn0bs0zEfoxA7vklJ0J4Dxxc1ICOWqB/elFMU45ERozpFTHdRLtZ0hqihkZFb1UkQThAeqRjqECcaL8bHLTCB4aJYLdWJoSGk7U3xMZ4koNeWg6OdJ9NeuNxf+8Tqq7F35GRZJqIvD0o27KoI7hOCAYUUmwZkNDEJbU7ApxH0mEtYmxaEJwZ0+eJ81K2T0rO/XTUrWSx1EA++AAHAEXnIMquAE10AAYPIAn8AJerUfr2Xqz3qetC1Y+swf+wPr4BkDDnHU=</latexit>

`QG = ~c/⇤QG

Space2me	concepts,	like	local	(gauge)	symmetries
must	disappear	above	this	scale.	They	“emerge”	for
																					,	due	to	screening	effects	of	the	tower
of	resonances.

<latexit sha1_base64="VMImKk2T7jTSSr7B/aW5QrHKQ9A=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4KokRdFlwYUuW7AXaEKYTCfp0JlJmJkIJXbhq7hxoYhbX8Odb+OkzUJbfxj4+M85nDN/mDKqtON8Wyura+sbm5Wt6vbO7t6+fXDYVUkmMenghCWyHyJFGBWko6lmpJ9KgnjISC8c3xT13gORiibiXk9S4nMUCxpRjLSxAvvYI4xBL45hAUHuSQ7bt9PArjl1Zya4DG4JNVCqFdhf3jDBGSdCY4aUGrhOqv0cSU0xI9OqlymSIjxGMRkYFIgT5eez+6fwzDhDGCXSPKHhzP09kSOu1ISHppMjPVKLtcL8rzbIdHTt51SkmSYCzxdFGYM6gUUYcEglwZpNDCAsqbkV4hGSCGsTWdWE4C5+eRm6jbp7WXfaF7Vmo4yjAk7AKTgHLrgCTXAHWqADMHgEz+AVvFlP1ov1bn3MW1escuYI/JH1+QP50JVh</latexit>

` � `QG

20



Emergence

Conversely,	if	gravity	and	electromagne5sm	both
become	highly	non-linear	at	a	common	scale	“									”
then	the	WGC	(approximately)	follows!

Harlow ‘15
BH, Reece, Rudelius ‘17

Emergence	implies	the	WGC!

21

<latexit sha1_base64="fmRiWtQY5ye6YbPJyX5lznjR4Ic=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUREXRZc6MJFC/YBTQiTyaQdOnkwcyOWEH/FjQtF3Poh7vwbp20W2npg4HDOudw7x08FV2BZ38bK6tr6xmZlq7q9s7u3bx4cdlWSSco6NBGJ7PtEMcFj1gEOgvVTyUjkC9bzx9dTv/fApOJJfA+TlLkRGcY85JSAljyz5tzpcEC83AH2CHn7pig8s241rBnwMrFLUkclWp755QQJzSIWAxVEqYFtpeDmRAKnghVVJ1MsJXRMhmygaUwiptx8dnyBT7QS4DCR+sWAZ+rviZxESk0iXycjAiO16E3F/7xBBuGVm/M4zYDFdL4ozASGBE+bwAGXjIKYaEKo5PpWTEdEEgq6r6ouwV788jLpnjXsi4bdPq83rbKOCjpCx+gU2egSNdEtaqEOomiCntErejOejBfj3fiYR1eMcqaG/sD4/AEXupUC</latexit>

⇤QG
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<latexit sha1_base64="fmRiWtQY5ye6YbPJyX5lznjR4Ic=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUREXRZc6MJFC/YBTQiTyaQdOnkwcyOWEH/FjQtF3Poh7vwbp20W2npg4HDOudw7x08FV2BZ38bK6tr6xmZlq7q9s7u3bx4cdlWSSco6NBGJ7PtEMcFj1gEOgvVTyUjkC9bzx9dTv/fApOJJfA+TlLkRGcY85JSAljyz5tzpcEC83AH2CHn7pig8s241rBnwMrFLUkclWp755QQJzSIWAxVEqYFtpeDmRAKnghVVJ1MsJXRMhmygaUwiptx8dnyBT7QS4DCR+sWAZ+rviZxESk0iXycjAiO16E3F/7xBBuGVm/M4zYDFdL4ozASGBE+bwAGXjIKYaEKo5PpWTEdEEgq6r6ouwV788jLpnjXsi4bdPq83rbKOCjpCx+gU2egSNdEtaqEOomiCntErejOejBfj3fiYR1eMcqaG/sD4/AEXupUC</latexit>

⇤QG

<latexit sha1_base64="3/Hl6/4Lldw/r1ztV59/eaxy2Kk=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwY01qi26EghuhCBXsA5oYJtNJO3TycGYilJCvcOOvuHGhiFtx5984bYNo64ELh3Pu5d573IhRIQ3jS8stLC4tr+RXC2vrG5tb+vZOS4Qxx6SJQxbyjosEYTQgTUklI52IE+S7jLTd4cXYb98TLmgY3MhRRGwf9QPqUYykkhz9iDiJxX1Yr6e3iXl8ksIrpwLPoSXuuEzKKbQi+mNUHb1olIwJ4DwxM1IEGRqO/mn1Qhz7JJCYISG6phFJO0FcUsxIWrBiQSKEh6hPuooGyCfCTiZvpfBAKT3ohVxVIOFE/T2RIF+Ike+qTh/JgZj1xuJ/XjeW3pmd0CCKJQnwdJEXMyhDOM4I9ignWLKRIghzqm6FeIA4wlIlWVAhmLMvz5NWuWRWS8Z1pVgrZ3HkwR7YB4fABKegBi5BAzQBBg/gCbyAV+1Re9betPdpa07LZnbBH2gf34CjnQM=</latexit>

e1/3KKM4 =
p
2⇡1/3M5

<latexit sha1_base64="42noktDFbJSy799N4xZC6UfCM38=">AAACBHicbVDLSgMxFM34rPU16rKbYBFclZli0WXBhS4UWrAP6AxDJpO2oUlmTDJCGbpw46+4caGIWz/CnX9j2s5CWw8EDuecy809YcKo0o7zba2srq1vbBa2its7u3v79sFhW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdDn1Ow9EKhqLOz1OiM/RQNA+xUgbKbBL3o0JRyjIPMlh82oCPUU5uYe3QS2wy07FmQEuEzcnZZCjEdhfXhTjlBOhMUNK9Vwn0X6GpKaYkUnRSxVJEB6hAekZKhAnys9mR0zgiVEi2I+leULDmfp7IkNcqTEPTZIjPVSL3lT8z+ulun/hZ1QkqSYCzxf1UwZ1DKeNwIhKgjUbG4KwpOavEA+RRFib3oqmBHfx5GXSrlbcWsVpnpXr1byOAiiBY3AKXHAO6uAaNEALYPAInsEreLOerBfr3fqYR1esfOYI/IH1+QNTs5cw</latexit>

⇤QG ' M5 !

e.g.,	Kaluza-Klein	theory:

<latexit sha1_base64="jm1Yhw03jCLM07+E+8XP55uESwo=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY22wuS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmkeQDTglYqeeWu7dKRppHQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARiVjHUkliZoJsdvgEH1uljwdK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFAaXQcZlkgKTdL5okAoMCk9TwH2uGQUxtoRQze2tmA6JJhRsViUbgr/48jJpnlb986p/d1apXeVxFNEhOkInyEcXqIZuUB01EEUpekav6M15cl6cd+dj3lpw8pkD9AfO5w9CEJN8</latexit>

=)



La#ce	Weak	Gravity	Conjecture:

8Q 2 �, 9																				a	superextremal
charged	par=cle	with	charge	Q

<latexit sha1_base64="gTYTJ4EjcJZeIvr7/aNWxN4RhlE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXarJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqDWMyw==</latexit>

BH,	Reece,	Rudelius,	‘15

Very often true in string theory:

22
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La#ce	Weak	Gravity	Conjecture:

8Q 2 �, 9																				a	superextremal
charged	par=cle	with	charge	Q

<latexit sha1_base64="gTYTJ4EjcJZeIvr7/aNWxN4RhlE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXarJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqDWMyw==</latexit>

BH,	Reece,	Rudelius,	‘15

Very often true in string theory:

Not	always! BH,	Reece
Rudelius,	‘16

22

The	WGC	in	string	theory



Counterexample	to	LWGC
KK	theory	on T 2/(Z2 ⇥ Z0

2)

Z2 : ✓1,2 ! ✓1,2 + ⇡

Z0
2 : ✓1 ! �✓1, ✓3 ! ✓3 + ⇡

smooth
(fixed	pt	free)
orbifold!

23



Z2 : �n1n2n3 ! (�1)n1+n2�n1n2n3

conserved

not	conserved!

23



Z2 : �n1n2n3 ! (�1)n1+n2�n1n2n3

m2 =
n2
1

R2
1

+
n2
2

R2
2

+
n2
3

R2
3

>
n2
2

R2
2

+
n2
3

R2
3

conserved

not	conserved!

n2 2 2Z+ 1for

n2 = 2

n2 = 1

23



Z2 : �n1n2n3 ! (�1)n1+n2�n1n2n3

m2 =
n2
1

R2
1

+
n2
2

R2
2

+
n2
3

R2
3

>
n2
2

R2
2

+
n2
3

R2
3

conserved

not	conserved!

n2 2 2Z+ 1for

n2 = 2

n2 = 1

23

Open question:
Is there some organizing
principle to LWGC violation?



s.t.																							a	superextremal
charged	par1cle	with	charge	

La5ce	Weak	Gravity	Conjecture:

Q
<latexit sha1_base64="gTYTJ4EjcJZeIvr7/aNWxN4RhlE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXarJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqDWMyw==</latexit>

BH,	Reece,	Rudelius,	‘16

Always true in string theory:

24

tree-level*

*In the electric NSNS sector

sub
<latexit sha1_base64="WtGbKZ9YfS2OlKltnnHU1E6zCu0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsJ+3SzSbsbsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKLSPJYPZpqgH9GR5CFn1Fip08cnu0MPyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvXrVu69VGrU8jiKcwTlcggfX0IA7aEILGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AZpij7Q=</latexit>

9								a	finite-index	subla5ce
<latexit sha1_base64="PXU0F+JLmZiXTgIwSi1MujUvr5M=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbiToJYBCy0jmA/IHWFvM5cs2d07d/eEEIKNf8XGQhFbf4Wd/8ZNcoUmPhh4vDfDzLwo5Uwbz/t2lpZXVtfWCxvFza3tnV13b7+hk0xRqNOEJ6oVEQ2cSagbZji0UgVERBya0eBq4jcfQGmWyDszTCEUpCdZzCgxVuq4h8E1EYJ0PBzoLNJg4B7nklvyyt4UeJH4OSmhHLWO+xV0E5oJkIZyonXb91ITjogyjHIYF4NMQ0rogPSgbakkAnQ4mr4wxidW6eI4UbakwVP198SICK2HIrKdgpi+nvcm4n9eOzPxZThiMs0MSDpbFGccmwRP8sBdpoAaPrSEUMXsrZj2iSLU2NSKNgR//uVF0jgr++dl/7ZSqlbyOAroCB2jU+SjC1RFN6iG6oiiR/SMXtGb8+S8OO/Ox6x1yclnDtAfOJ8/TsyWsg==</latexit>

�0 ✓ �
<latexit sha1_base64="pyDXdnvaxqXeIMg7mNpZusAaavA=">AAACCHicbVA9SwNBEN3zM8avU0sLF4NgIeFOgloGLLRMwHxA7ghzm02yZHfv2N0TQ0hp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvSjjTxvO+naXlldW19dxGfnNre2fX3duv6zhVhNZIzGPVjEBTziStGWY4bSaKgog4bUSD64nfuKdKs1jemWFCQwE9ybqMgLFS2z0KurECznEVB0zi4AaEgLZ3hgP6YLfrtlvwit4UeJH4GSmgDJW2+xV0YpIKKg3hoHXL9xITjkAZRjgd54NU0wTIAHq0ZakEQXU4mj4yxidW6WB7kS1p8FT9PTECofVQRLZTgOnreW8i/ue1UtO9CkdMJqmhkswWdVOOTYwnqeAOU5QYPrQEiGL2Vkz6oIAYm13ehuDPv7xI6udF/6LoV0uFcimLI4cO0TE6RT66RGV0iyqohgh6RM/oFb05T86L8+58zFqXnGzmAP2B8/kDDBaYrw==</latexit>

8Q 2 �0, 9

The	WGC	in	string	theory



Proof	via	modular	invariance

25

(BH,	Reece,	Rudelius	’16;	Montero,	Shiu,	Soler	’16;	BH,	LoAto	2207.xxxxx)

<latexit sha1_base64="B6I7sdmV/oHpkQvllss/lwPmycU="></latexit>

↵0

4
m2 =

1

2
Q2

L + TL =
1

2
Q2

R + TR

<latexit sha1_base64="wQmpPiPiD+K7g6iyhqqd1D8SdxQ="></latexit>

Z(µ, ⌧) = Tr(qT+ 1
2Q

2

yQ)
<latexit sha1_base64="ZUT03avHqdA/pvv9Mx633VrAjxo=">AAACHnicbVDLSgMxFM3Ud31VXboJFkFRykzxtREEF7pUsA9sarmTpm1okpkmGaEUv8SNv+LGhSKCK/0b02kXvg5cODnnXnLvCWPBjfX9Ty8zMTk1PTM7l51fWFxazq2slk2UaMpKNBKRroZgmOCKlSy3glVjzUCGglXC7unQr9wybXikrmw/ZnUJbcVbnIJ1UiO3f71FZIJ3MNGdaBsf4/S9vUt2Men1EmimBiZcYXIGUsINAWMbubxf8FPgvyQYkzwa46KReyfNiCaSKUsFGFML/NjWB6Atp4LdZUliWAy0C21Wc1SBZKY+SM+7w5tOaeJWpF0pi1P1+8QApDF9GbpOCbZjfntD8T+vltjWUX3AVZxYpujoo1YisI3wMCvc5JpRK/qOANXc7YppBzRQ6xLNuhCC3yf/JeViITgoBJd7+ZPiOI5ZtI420BYK0CE6QefoApUQRffoET2jF+/Be/JevbdRa8Ybz6yhH/A+vgDQJJ/X</latexit>

Z(µ+ ⇢) = Z(µ), ⇢ 2 �⇤

<latexit sha1_base64="Kn/Im+A4PUf5JOoA+PDRWUyDAGI=">AAACEHicbZDLSsNAFIYn9VbjLerSzWARXUhJiqibQsGNywr2Ak0sk+m0HTqZxJmJEEIewY2v4saFIm5duvNtnLRZaOsPAz/fOYcz5/cjRqWy7W+jtLS8srpWXjc3Nre2d6zdvbYMY4FJC4csFF0fScIoJy1FFSPdSBAU+Ix0/MlVXu88ECFpyG9VEhEvQCNOhxQjpVHfOr6vk7u05kYUUugqFGeuayawDnMKCxzEWd+q2FV7KrhonMJUQKFm3/pyByGOA8IVZkjKnmNHykuRUBQzkpluLEmE8ASNSE9bjgIivXR6UAaPNBnAYSj04wpO6e+JFAVSJoGvOwOkxnK+lsP/ar1YDS+9lPIoVoTj2aJhzKAKYZ4OHFBBsGKJNggLqv8K8RgJhJXO0NQhOPMnL5p2reqcV52bs0rjtIijDA7AITgBDrgADXANmqAFMHgEz+AVvBlPxovxbnzMWktGMbMP/sj4/AHUBZsh</latexit>

q = e2⇡i⌧

y = e2⇡iµ

Partition function (torus 0-pt amplitude):

Tree-level spectrum:



Proof	via	modular	invariance

25

(BH,	Reece,	Rudelius	’16;	Montero,	Shiu,	Soler	’16;	BH,	LoAto	2207.xxxxx)

<latexit sha1_base64="B6I7sdmV/oHpkQvllss/lwPmycU="></latexit>

↵0

4
m2 =

1

2
Q2

L + TL =
1

2
Q2

R + TR

<latexit sha1_base64="wQmpPiPiD+K7g6iyhqqd1D8SdxQ="></latexit>

Z(µ, ⌧) = Tr(qT+ 1
2Q

2

yQ)
<latexit sha1_base64="ZUT03avHqdA/pvv9Mx633VrAjxo=">AAACHnicbVDLSgMxFM3Ud31VXboJFkFRykzxtREEF7pUsA9sarmTpm1okpkmGaEUv8SNv+LGhSKCK/0b02kXvg5cODnnXnLvCWPBjfX9Ty8zMTk1PTM7l51fWFxazq2slk2UaMpKNBKRroZgmOCKlSy3glVjzUCGglXC7unQr9wybXikrmw/ZnUJbcVbnIJ1UiO3f71FZIJ3MNGdaBsf4/S9vUt2Men1EmimBiZcYXIGUsINAWMbubxf8FPgvyQYkzwa46KReyfNiCaSKUsFGFML/NjWB6Atp4LdZUliWAy0C21Wc1SBZKY+SM+7w5tOaeJWpF0pi1P1+8QApDF9GbpOCbZjfntD8T+vltjWUX3AVZxYpujoo1YisI3wMCvc5JpRK/qOANXc7YppBzRQ6xLNuhCC3yf/JeViITgoBJd7+ZPiOI5ZtI420BYK0CE6QefoApUQRffoET2jF+/Be/JevbdRa8Ybz6yhH/A+vgDQJJ/X</latexit>

Z(µ+ ⇢) = Z(µ), ⇢ 2 �⇤

<latexit sha1_base64="Kn/Im+A4PUf5JOoA+PDRWUyDAGI=">AAACEHicbZDLSsNAFIYn9VbjLerSzWARXUhJiqibQsGNywr2Ak0sk+m0HTqZxJmJEEIewY2v4saFIm5duvNtnLRZaOsPAz/fOYcz5/cjRqWy7W+jtLS8srpWXjc3Nre2d6zdvbYMY4FJC4csFF0fScIoJy1FFSPdSBAU+Ix0/MlVXu88ECFpyG9VEhEvQCNOhxQjpVHfOr6vk7u05kYUUugqFGeuayawDnMKCxzEWd+q2FV7KrhonMJUQKFm3/pyByGOA8IVZkjKnmNHykuRUBQzkpluLEmE8ASNSE9bjgIivXR6UAaPNBnAYSj04wpO6e+JFAVSJoGvOwOkxnK+lsP/ar1YDS+9lPIoVoTj2aJhzKAKYZ4OHFBBsGKJNggLqv8K8RgJhJXO0NQhOPMnL5p2reqcV52bs0rjtIijDA7AITgBDrgADXANmqAFMHgEz+AVvBlPxovxbnzMWktGMbMP/sj4/AHUBZsh</latexit>

q = e2⇡i⌧

y = e2⇡iµ

Partition function (torus 0-pt amplitude):

Tree-level spectrum:

<latexit sha1_base64="+gprmiHiD2+6hdhewdasSZkSIGc="></latexit>

Z(µ/⌧,�1/⌧) = e⇡i
µ2

⌧ Z(µ, ⌧)

Benjamin,	Dyer,	Fitzpatrick,	Kachru	’16:



Z = Tr(qT+ 1
2Q

2

yQ)

= Tr(qT+ 1
2 (Q+k⇢)2yQ+k⇢)
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Spectral flow



Z = Tr(qT+ 1
2Q

2

yQ)

= Tr(qT+ 1
2 (Q+k⇢)2yQ+k⇢)

Q

�

26
<latexit sha1_base64="jbWHYxZOfHGQXGNt9ZdyBLnzGgw=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUREPRY86LGC/YAmlsl20y7dzYbdiVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpYIb9LxvZ2V1bX1js7RV3t7Z3duvHBy2jMo0ZU2qhNKdCAwTPGFN5ChYJ9UMZCRYOxrdTP32E9OGq+QBxykLJQwSHnMKaKVucAtSwmMABnuVqlfzZnCXiV+QKinQ6FW+gr6imWQJUgHGdH0vxTAHjZwKNikHmWEp0BEMWNfSBCQzYT47eeKeWqXvxkrbStCdqb8ncpDGjGVkOyXg0Cx6U/E/r5thfB3mPEkzZAmdL4oz4aJyp/+7fa4ZRTG2BKjm9laXDkEDRZtS2YbgL768TFrnNf+y5t9fVOteEUeJHJMTckZ8ckXq5I40SJNQosgzeSVvDjovzrvzMW9dcYqZI/IHzucPJXORHQ==</latexit>

�⇤

Spectral flow

… <latexit sha1_base64="31d8l2YsOmdwPKzrt0qJL2cMiSs=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyip5KUoh4LXjxWsB/QxLLZbtqlu0nY3QglBPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5ulrfL2zu7evn1w2FZxKgltkZjHshtgRTmLaEszzWk3kRSLgNNOML6Z+p1HKhWLo3s9Sagv8DBiISNYG6lvH3uhxCTzME9G+DzP6jkSD7W+XXGqzgxombgFqUCBZt/+8gYxSQWNNOFYqZ7rJNrPsNSMcJqXvVTRBJMxHtKeoREWVPnZ7PwcnRllgMJYmoo0mqm/JzIslJqIwHQKrEdq0ZuK/3m9VIfXfsaiJNU0IvNFYcqRjtE0CzRgkhLNJ4ZgIpm5FZERNnlok1jZhOAuvrxM2rWqe1l17+qVhlPEUYITOIULcOEKGnALTWgBgQye4RXerCfrxXq3PuatK1YxcwR/YH3+AJ2KlTM=</latexit>

↵0

4
m2



Z = Tr(qT+ 1
2Q

2

yQ)

= Tr(qT+ 1
2 (Q+k⇢)2yQ+k⇢)

Q

�
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<latexit sha1_base64="jbWHYxZOfHGQXGNt9ZdyBLnzGgw=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUREPRY86LGC/YAmlsl20y7dzYbdiVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpYIb9LxvZ2V1bX1js7RV3t7Z3duvHBy2jMo0ZU2qhNKdCAwTPGFN5ChYJ9UMZCRYOxrdTP32E9OGq+QBxykLJQwSHnMKaKVucAtSwmMABnuVqlfzZnCXiV+QKinQ6FW+gr6imWQJUgHGdH0vxTAHjZwKNikHmWEp0BEMWNfSBCQzYT47eeKeWqXvxkrbStCdqb8ncpDGjGVkOyXg0Cx6U/E/r5thfB3mPEkzZAmdL4oz4aJyp/+7fa4ZRTG2BKjm9laXDkEDRZtS2YbgL768TFrnNf+y5t9fVOteEUeJHJMTckZ8ckXq5I40SJNQosgzeSVvDjovzrvzMW9dcYqZI/IHzucPJXORHQ==</latexit>

�⇤

Spectral flow

… <latexit sha1_base64="31d8l2YsOmdwPKzrt0qJL2cMiSs=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyip5KUoh4LXjxWsB/QxLLZbtqlu0nY3QglBPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5ulrfL2zu7evn1w2FZxKgltkZjHshtgRTmLaEszzWk3kRSLgNNOML6Z+p1HKhWLo3s9Sagv8DBiISNYG6lvH3uhxCTzME9G+DzP6jkSD7W+XXGqzgxombgFqUCBZt/+8gYxSQWNNOFYqZ7rJNrPsNSMcJqXvVTRBJMxHtKeoREWVPnZ7PwcnRllgMJYmoo0mqm/JzIslJqIwHQKrEdq0ZuK/3m9VIfXfsaiJNU0IvNFYcqRjtE0CzRgkhLNJ4ZgIpm5FZERNnlok1jZhOAuvrxM2rWqe1l17+qVhlPEUYITOIULcOEKGnALTWgBgQye4RXerCfrxXq3PuatK1YxcwR/YH3+AJ2KlTM=</latexit>

↵0

4
m2

re
so
na
nc
es

<latexit sha1_base64="J3pHWBGPAumyi784ZldxCD3KSPY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8OKxYr+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g2zCRBP6JDyUPOqLHSY+PW7ZcrbtWdg6wSLycVyFHvl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdK6qHpXVe/hslJz8ziKcAKncA4eXEMN7qEOTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QOcKY1N</latexit> T
=
0

…



The	extremality	bound	&	the	RFC

Found a tower of resonances with:
↵0

4 m2 = 1
2 max(Q2

L, Q
2
R)

<latexit sha1_base64="aCgJkT2XCptKM/Wy+oo3PuPN6tU="></latexit>

What is the relation to extremal BHs?

BH, Reece, Rudelius ’19; BH, Lotito 2207.xxxxx

27



The	extremality	bound	&	the	RFC

Found a tower of resonances with:
↵0

4 m2 = 1
2 max(Q2

L, Q
2
R)

<latexit sha1_base64="aCgJkT2XCptKM/Wy+oo3PuPN6tU="></latexit>

What is the relation to extremal BHs?

Detour: “sublattice RFC”

s.t.																							a	self-repulsive
charged	par;cle	with	charge	Q

<latexit sha1_base64="gTYTJ4EjcJZeIvr7/aNWxN4RhlE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXarJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqDWMyw==</latexit>

<latexit sha1_base64="WtGbKZ9YfS2OlKltnnHU1E6zCu0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsJ+3SzSbsbsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKLSPJYPZpqgH9GR5CFn1Fip08cnu0MPyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvXrVu69VGrU8jiKcwTlcggfX0IA7aEILGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AZpij7Q=</latexit>

9								a	finite-index	subla?ce
<latexit sha1_base64="PXU0F+JLmZiXTgIwSi1MujUvr5M=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbiToJYBCy0jmA/IHWFvM5cs2d07d/eEEIKNf8XGQhFbf4Wd/8ZNcoUmPhh4vDfDzLwo5Uwbz/t2lpZXVtfWCxvFza3tnV13b7+hk0xRqNOEJ6oVEQ2cSagbZji0UgVERBya0eBq4jcfQGmWyDszTCEUpCdZzCgxVuq4h8E1EYJ0PBzoLNJg4B7nklvyyt4UeJH4OSmhHLWO+xV0E5oJkIZyonXb91ITjogyjHIYF4NMQ0rogPSgbakkAnQ4mr4wxidW6eI4UbakwVP198SICK2HIrKdgpi+nvcm4n9eOzPxZThiMs0MSDpbFGccmwRP8sBdpoAaPrSEUMXsrZj2iSLU2NSKNgR//uVF0jgr++dl/7ZSqlbyOAroCB2jU+SjC1RFN6iG6oiiR/SMXtGb8+S8OO/Ox6x1yclnDtAfOJ8/TsyWsg==</latexit>

�0 ✓ �
<latexit sha1_base64="pyDXdnvaxqXeIMg7mNpZusAaavA=">AAACCHicbVA9SwNBEN3zM8avU0sLF4NgIeFOgloGLLRMwHxA7ghzm02yZHfv2N0TQ0hp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvSjjTxvO+naXlldW19dxGfnNre2fX3duv6zhVhNZIzGPVjEBTziStGWY4bSaKgog4bUSD64nfuKdKs1jemWFCQwE9ybqMgLFS2z0KurECznEVB0zi4AaEgLZ3hgP6YLfrtlvwit4UeJH4GSmgDJW2+xV0YpIKKg3hoHXL9xITjkAZRjgd54NU0wTIAHq0ZakEQXU4mj4yxidW6WB7kS1p8FT9PTECofVQRLZTgOnreW8i/ue1UtO9CkdMJqmhkswWdVOOTYwnqeAOU5QYPrQEiGL2Vkz6oIAYm13ehuDPv7xI6udF/6LoV0uFcimLI4cO0TE6RT66RGV0iyqohgh6RM/oFb05T86L8+58zFqXnGzmAP2B8/kDDBaYrw==</latexit>

8Q 2 �0, 9
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BH, Reece, Rudelius ’19; BH, Lotito 2207.xxxxx



The	extremality	bound	&	the	RFC

Found a tower of resonances with:
↵0

4 m2 = 1
2 max(Q2

L, Q
2
R)

<latexit sha1_base64="aCgJkT2XCptKM/Wy+oo3PuPN6tU="></latexit>

What is the relation to extremal BHs?

Detour: “sublattice RFC”

s.t.																							a	self-repulsive
charged	par;cle	with	charge	Q

<latexit sha1_base64="gTYTJ4EjcJZeIvr7/aNWxN4RhlE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXarJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqDWMyw==</latexit>

<latexit sha1_base64="WtGbKZ9YfS2OlKltnnHU1E6zCu0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsJ+3SzSbsbsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKLSPJYPZpqgH9GR5CFn1Fip08cnu0MPyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvXrVu69VGrU8jiKcwTlcggfX0IA7aEILGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AZpij7Q=</latexit>

9								a	finite-index	subla?ce
<latexit sha1_base64="PXU0F+JLmZiXTgIwSi1MujUvr5M=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbiToJYBCy0jmA/IHWFvM5cs2d07d/eEEIKNf8XGQhFbf4Wd/8ZNcoUmPhh4vDfDzLwo5Uwbz/t2lpZXVtfWCxvFza3tnV13b7+hk0xRqNOEJ6oVEQ2cSagbZji0UgVERBya0eBq4jcfQGmWyDszTCEUpCdZzCgxVuq4h8E1EYJ0PBzoLNJg4B7nklvyyt4UeJH4OSmhHLWO+xV0E5oJkIZyonXb91ITjogyjHIYF4NMQ0rogPSgbakkAnQ4mr4wxidW6eI4UbakwVP198SICK2HIrKdgpi+nvcm4n9eOzPxZThiMs0MSDpbFGccmwRP8sBdpoAaPrSEUMXsrZj2iSLU2NSKNgR//uVF0jgr++dl/7ZSqlbyOAroCB2jU+SjC1RFN6iG6oiiR/SMXtGb8+S8OO/Ox6x1yclnDtAfOJ8/TsyWsg==</latexit>

�0 ✓ �
<latexit sha1_base64="pyDXdnvaxqXeIMg7mNpZusAaavA=">AAACCHicbVA9SwNBEN3zM8avU0sLF4NgIeFOgloGLLRMwHxA7ghzm02yZHfv2N0TQ0hp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvSjjTxvO+naXlldW19dxGfnNre2fX3duv6zhVhNZIzGPVjEBTziStGWY4bSaKgog4bUSD64nfuKdKs1jemWFCQwE9ybqMgLFS2z0KurECznEVB0zi4AaEgLZ3hgP6YLfrtlvwit4UeJH4GSmgDJW2+xV0YpIKKg3hoHXL9xITjkAZRjgd54NU0wTIAHq0ZakEQXU4mj4yxidW6WB7kS1p8FT9PTECofVQRLZTgOnreW8i/ue1UtO9CkdMJqmhkswWdVOOTYwnqeAOU5QYPrQEiGL2Vkz6oIAYm13ehuDPv7xI6udF/6LoV0uFcimLI4cO0TE6RT66RGV0iyqohgh6RM/oFb05T86L8+58zFqXnGzmAP2B8/kDDBaYrw==</latexit>

8Q 2 �0, 9
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Above tower
is self-repulsive

BH, Reece, Rudelius ’19; BH, Lotito 2207.xxxxx

BH, Lotito
2207.xxxxx

Proved in

tree-level ST



The	extremality	bound	&	the	RFC

Found a tower of resonances with:
↵0

4 m2 = 1
2 max(Q2

L, Q
2
R)

<latexit sha1_base64="aCgJkT2XCptKM/Wy+oo3PuPN6tU="></latexit>

What is the relation to extremal BHs?

Detour: “sublattice RFC”

s.t.																							a	self-repulsive
charged	par;cle	with	charge	Q

<latexit sha1_base64="gTYTJ4EjcJZeIvr7/aNWxN4RhlE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXarJXrtTyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBqDWMyw==</latexit>

<latexit sha1_base64="WtGbKZ9YfS2OlKltnnHU1E6zCu0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsJ+3SzSbsbsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKLSPJYPZpqgH9GR5CFn1Fip08cnu0MPyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFufOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzXhjZ9xmaQGJVsuClNBTEzmv5MhV8iMmFpCmeL2VsLGVFFmbEIlG4K3+vI6aV9VvXrVu69VGrU8jiKcwTlcggfX0IA7aEILGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AZpij7Q=</latexit>

9								a	finite-index	subla?ce
<latexit sha1_base64="PXU0F+JLmZiXTgIwSi1MujUvr5M=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbiToJYBCy0jmA/IHWFvM5cs2d07d/eEEIKNf8XGQhFbf4Wd/8ZNcoUmPhh4vDfDzLwo5Uwbz/t2lpZXVtfWCxvFza3tnV13b7+hk0xRqNOEJ6oVEQ2cSagbZji0UgVERBya0eBq4jcfQGmWyDszTCEUpCdZzCgxVuq4h8E1EYJ0PBzoLNJg4B7nklvyyt4UeJH4OSmhHLWO+xV0E5oJkIZyonXb91ITjogyjHIYF4NMQ0rogPSgbakkAnQ4mr4wxidW6eI4UbakwVP198SICK2HIrKdgpi+nvcm4n9eOzPxZThiMs0MSDpbFGccmwRP8sBdpoAaPrSEUMXsrZj2iSLU2NSKNgR//uVF0jgr++dl/7ZSqlbyOAroCB2jU+SjC1RFN6iG6oiiR/SMXtGb8+S8OO/Ox6x1yclnDtAfOJ8/TsyWsg==</latexit>

�0 ✓ �
<latexit sha1_base64="pyDXdnvaxqXeIMg7mNpZusAaavA=">AAACCHicbVA9SwNBEN3zM8avU0sLF4NgIeFOgloGLLRMwHxA7ghzm02yZHfv2N0TQ0hp41+xsVDE1p9g579xk1yhiQ8GHu/NMDMvSjjTxvO+naXlldW19dxGfnNre2fX3duv6zhVhNZIzGPVjEBTziStGWY4bSaKgog4bUSD64nfuKdKs1jemWFCQwE9ybqMgLFS2z0KurECznEVB0zi4AaEgLZ3hgP6YLfrtlvwit4UeJH4GSmgDJW2+xV0YpIKKg3hoHXL9xITjkAZRjgd54NU0wTIAHq0ZakEQXU4mj4yxidW6WB7kS1p8FT9PTECofVQRLZTgOnreW8i/ue1UtO9CkdMJqmhkswWdVOOTYwnqeAOU5QYPrQEiGL2Vkz6oIAYm13ehuDPv7xI6udF/6LoV0uFcimLI4cO0TE6RT66RGV0iyqohgh6RM/oFb05T86L8+58zFqXnGzmAP2B8/kDDBaYrw==</latexit>

8Q 2 �0, 9

27

Above tower
is self-repulsive

BH, Reece, Rudelius ’19; BH, Lotito 2207.xxxxx

BH, Lotito
2207.xxxxx

Proved in

tree-level ST

…actually this proves (  ) is extremal<latexit sha1_base64="hUbr1i9k30IIjypQDDxsBYyDB4Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpQC0OqzW37i5A1olXkBoUaA2rX4NRxBLFNTJJre17box+Sg0KJvm8Mkgsjymb0jHvZ1RTxa2fLm6dk4tMGZEwMllpJAv190RKlbUzFWSdiuLErnq5+J/XTzC89VOh4wS5ZstFYSIJRiR/nIyE4QzlLCOUGZHdStiEGsowi6eSheCtvrxOOo26d133Hq5qzUYRRxnO4BwuwYMbaMI9tKANDCbwDK/w5ijnxXl3PpatJaeYOYU/cD5/ABs5jjw=</latexit>⇤

<latexit sha1_base64="hUbr1i9k30IIjypQDDxsBYyDB4Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpQC0OqzW37i5A1olXkBoUaA2rX4NRxBLFNTJJre17box+Sg0KJvm8Mkgsjymb0jHvZ1RTxa2fLm6dk4tMGZEwMllpJAv190RKlbUzFWSdiuLErnq5+J/XTzC89VOh4wS5ZstFYSIJRiR/nIyE4QzlLCOUGZHdStiEGsowi6eSheCtvrxOOo26d133Hq5qzUYRRxnO4BwuwYMbaMI9tKANDCbwDK/w5ijnxXl3PpatJaeYOYU/cD5/ABs5jjw=</latexit>⇤(  )



The	extremality	bound	&	the	RFC

Found a tower of resonances with:
↵0

4 m2 = 1
2 max(Q2

L, Q
2
R)

<latexit sha1_base64="aCgJkT2XCptKM/Wy+oo3PuPN6tU="></latexit>

What is the relation to extremal BHs?

27

BH, Reece, Rudelius ’19; BH, Lotito 2207.xxxxx

<latexit sha1_base64="hUbr1i9k30IIjypQDDxsBYyDB4Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ndLG5tb2Tnm3srd/cHhUPT7p2CgxjLdZJCPTC6jlUmjeRoGS92LDqQok7wbTu9zvPnFjRaQfcRZzX9GxFqFgFHNpQC0OqzW37i5A1olXkBoUaA2rX4NRxBLFNTJJre17box+Sg0KJvm8Mkgsjymb0jHvZ1RTxa2fLm6dk4tMGZEwMllpJAv190RKlbUzFWSdiuLErnq5+J/XTzC89VOh4wS5ZstFYSIJRiR/nIyE4QzlLCOUGZHdStiEGsowi6eSheCtvrxOOo26d133Hq5qzUYRRxnO4BwuwYMbaMI9tKANDCbwDK/w5ijnxXl3PpatJaeYOYU/cD5/ABs5jjw=</latexit>⇤(  )

A particle that is self-repulsive throughout
moduli space is superextremal

(Harlow, BH, Reece, Rudelius 2201.08380)
(BH, Reece, Rudelius ’19)
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BH
region

Infinite BPS tow
ers predicted

inside BPS=BH
E cone

BPS	predic1on:

Nonperturba1ve	evidence	via	BPS	states
Alim, BH, Rudelius 2108.08309

Gendler, BH, McAllister, Moritz, Rudelius 22xx.xxxxx
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<latexit sha1_base64="FLIZJOakfZ94icwc35zA5X9gkms="></latexit>

qY \ qX 0 1 2 3
0 - 640 10032 288384
1 64 6912 742784 75933184
2 0 14400 8271360 2445747712
3 0 6912 31344000 26556152064
4 0 640 48098560 130867460608
5 0 0 31344000 329212616704
6 0 0 8271360 445404149568
7 0 0 742784 329212616704
8 0 0 10032 130867460608
9 0 0 0 26556152064
10 0 0 0 2445747712
11 0 0 0 75933184
12 0 0 0 288384
13 0 0 0 0

<latexit sha1_base64="DBIdHucOxrfN8RRCSojTiBrwgK0=">AAACJXicbVBNS8NAFNxUrbV+tXr0EiyCBymJiIogFLx4rGA/pClls3lpl+5uwu5GKSG/wque/TXeRPDkX3HT9qCtAwvDzHvM2/FjRpV2nC+rsLK6VlwvbZQ3t7Z3divVvbaKEkmgRSIWya6PFTAqoKWpZtCNJWDuM+j445vc7zyCVDQS93oSQ5/joaAhJVgb6cHTlAWQdrNBpebUnSnsZeLOSQ3N0RxUraIXRCThIDRhWKme68S6n2KpKWGQlb1EQYzJGA+hZ6jAHFQ/nV6c2UdGCewwkuYJbU/V3xsp5kpNuG8mOdYjtejl4r+eMqeMIFiI1+FlP6UiTjQIMksPE2bryM47sQMqgWg2MQQTSc0HbDLCEhNtmiuXPQFPJOIciyD1gjBLvTxXAkuvrrO8OXexp2XSPq2753Xn7qzWOJl3WEIH6BAdIxddoAa6RU3UQgRx9Ixe0Kv1Zr1bH9bnbLRgzXf20R9Y3z9yHaV4</latexit>

X̃

<latexit sha1_base64="3dm5NJtuXSCvu7yd8PzdiDLXGIc=">AAACJXicbVDLSsNAFJ34qLW+Wl26CRbBhZREREUQCm5cVrAvmlImk5t26MwkzEyUEvIVbnXt17gTwZW/4qTtQlsPDBzOuZdz5/gxo0o7zpe1srq2Xtgobpa2tnd298qV/ZaKEkmgSSIWyY6PFTAqoKmpZtCJJWDuM2j749vcbz+CVDQSD3oSQ5/joaAhJVgbqetpygJIu9mgXHVqzhT2MnHnpIrmaAwqVsELIpJwEJowrFTPdWLdT7HUlDDISl6iIMZkjIfQM1RgDqqfTi/O7GOjBHYYSfOEtqfq740Uc6Um3DeTHOuRWvRy8V9PmVNGECzE6/Cqn1IRJxoEmaWHCbN1ZOed2AGVQDSbGIKJpOYDNhlhiYk2zZVKnoAnEnGORZB6QZilXp4rgaXXN1nenLvY0zJpndXci5pzf16tn847LKJDdIROkIsuUR3doQZqIoI4ekYv6NV6s96tD+tzNrpizXcO0B9Y3z9z16V5</latexit>

Ỹ

Genus 0 GV invariants:

BH
region

Infinite BPS tow
ers predicted

inside BPS=BH
E cone

BPS=BH
E cone

M2

BPS	predic1on:

Nonperturba1ve	evidence	via	BPS	states
Alim, BH, Rudelius 2108.08309

Gendler, BH, McAllister, Moritz, Rudelius 22xx.xxxxx
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<latexit sha1_base64="FLIZJOakfZ94icwc35zA5X9gkms="></latexit>

qY \ qX 0 1 2 3
0 - 640 10032 288384
1 64 6912 742784 75933184
2 0 14400 8271360 2445747712
3 0 6912 31344000 26556152064
4 0 640 48098560 130867460608
5 0 0 31344000 329212616704
6 0 0 8271360 445404149568
7 0 0 742784 329212616704
8 0 0 10032 130867460608
9 0 0 0 26556152064
10 0 0 0 2445747712
11 0 0 0 75933184
12 0 0 0 288384
13 0 0 0 0

<latexit sha1_base64="DBIdHucOxrfN8RRCSojTiBrwgK0=">AAACJXicbVBNS8NAFNxUrbV+tXr0EiyCBymJiIogFLx4rGA/pClls3lpl+5uwu5GKSG/wque/TXeRPDkX3HT9qCtAwvDzHvM2/FjRpV2nC+rsLK6VlwvbZQ3t7Z3divVvbaKEkmgRSIWya6PFTAqoKWpZtCNJWDuM+j445vc7zyCVDQS93oSQ5/joaAhJVgb6cHTlAWQdrNBpebUnSnsZeLOSQ3N0RxUraIXRCThIDRhWKme68S6n2KpKWGQlb1EQYzJGA+hZ6jAHFQ/nV6c2UdGCewwkuYJbU/V3xsp5kpNuG8mOdYjtejl4r+eMqeMIFiI1+FlP6UiTjQIMksPE2bryM47sQMqgWg2MQQTSc0HbDLCEhNtmiuXPQFPJOIciyD1gjBLvTxXAkuvrrO8OXexp2XSPq2753Xn7qzWOJl3WEIH6BAdIxddoAa6RU3UQgRx9Ixe0Kv1Zr1bH9bnbLRgzXf20R9Y3z9yHaV4</latexit>

X̃

<latexit sha1_base64="3dm5NJtuXSCvu7yd8PzdiDLXGIc=">AAACJXicbVDLSsNAFJ34qLW+Wl26CRbBhZREREUQCm5cVrAvmlImk5t26MwkzEyUEvIVbnXt17gTwZW/4qTtQlsPDBzOuZdz5/gxo0o7zpe1srq2Xtgobpa2tnd298qV/ZaKEkmgSSIWyY6PFTAqoKmpZtCJJWDuM2j749vcbz+CVDQSD3oSQ5/joaAhJVgbqetpygJIu9mgXHVqzhT2MnHnpIrmaAwqVsELIpJwEJowrFTPdWLdT7HUlDDISl6iIMZkjIfQM1RgDqqfTi/O7GOjBHYYSfOEtqfq740Uc6Um3DeTHOuRWvRy8V9PmVNGECzE6/Cqn1IRJxoEmaWHCbN1ZOed2AGVQDSbGIKJpOYDNhlhiYk2zZVKnoAnEnGORZB6QZilXp4rgaXXN1nenLvY0zJpndXci5pzf16tn847LKJDdIROkIsuUR3doQZqIoI4ekYv6NV6s96tD+tzNrpizXcO0B9Y3z9z16V5</latexit>

Ỹ

Genus 0 GV invariants:

BPS=BH
E cone

M2

Nonperturba-ve	evidence	via	BPS	states
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Transplanckian	scalars!?
Can a scalar field have a flat potential over
a super-Planckian field range?
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Can a scalar field have a flat potential over
a super-Planckian field range?
V (�)

�

start end

& Mpl

Ve↵(�) ⇠ V0(�) + �5/Mpl + �6/M2
pl + . . .

⇠ Mpl

Generically no:

Transplanckian	scalars!?



Axion	loophole?
Ve↵(�) ⇠ V0(�) + �5/Mpl + . . .

� ⇠= �+ 2⇡f
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Axion	loophole?

Example:

Ve↵(�) ⇠ V0(�) + �5/Mpl + . . .

� ⇠= �+ 2⇡f

AM
Aµ A5

photon photon+axion

typical	in	string	theory
30



Axion	Poten*al

Casimir
effect

V =
P

i ci cos(qi�/f) e
�2⇡Rmi + . . .

Aharonov-Bohm	phase
{

A5

X

species

X

n

+
{n

Qi / qi 2 Z, A5 / �(																																				)
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Suppose																						,

�

V (�)

V =
P

i ci cos(qi�/f) e
�2⇡Rmi + . . .

m1 ⌧ mi 6=1 q1 = 1

2⇡f
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Suppose																						,

�

V (�)

V =
P

i ci cos(qi�/f) e
�2⇡Rmi + . . .

m1 ⌧ mi 6=1 q1 = 1

2⇡f

“Natural	infla2on”	(Freese,	Frieman,	Olinto	’90)

Needs																											for	successful	
infla2on

f & 5–10 Mpl
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(s)LWGC	implies	par0cles	with

V =
P

i ci cos(qi�/f) e
�2⇡Rmi + . . .

2⇡Rmi .
Mpl

f
qi for	every qi 2 Z
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(s)LWGC	implies	par0cles	with

V =
P

i ci cos(qi�/f) e
�2⇡Rmi + . . .

2⇡Rmi .
Mpl

f
qi for	every qi 2 Z

f & Mpl

2⇡f

Mpl
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(s)LWGC	implies	par0cles	with

V =
P

i ci cos(qi�/f) e
�2⇡Rmi + . . .

2⇡Rmi .
Mpl

f
qi for	every qi 2 Z

2⇡f

Mpl

f ⌧ Mpl
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Charged worldline wrapped around circle
generates an “instanton” 
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reducing effective field range!
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be approximated by integrals. We argue that this bound prevents isotropic N -flation from

realizing controlled super-Planckian displacements, and we extend this conclusion beyond

the continuum limit in §3.2. Finally, we explore how theories with non-trivial lattices are

either constrained by, or skirt past, these constraints in §3.3.

3.1 The Volume Bound

In this section, we derive a bound on the volume of the axion fundamental domain. As we

will see, this bound will apply in a certain continuum limit, in which the sum over instantons

can be approximated as an integral.

We begin with a Lagrangian, in a canonically normalized basis, of the form,

L = �1

2
�ab @µ�

a @µ�b � ⇤4
X

Q2�

ZQ exp (iQ · �) . (3.1)

We assume that the potential is randomly drawn from an ensemble, where the magnitudes

of the Fourier coe�cients are independent and normally distributed, with |Q|-dependent

variances

h|ZQ|2i = e�2µ|Q| , (3.2)

and that their phases are independently and randomly distributed over [0, 2⇡). Here, |Q|
is the standard Euclidean 2-norm |Q| =

p
�abQaQb. Intuitively, we should think of the

potentials as being generated by the nonperturbative e↵ects of an unknown ultraviolet theory,

which we randomize over to reflect our ignorance. As discussed in §2, the size of the axion’s

fundamental domain is encoded in the structure of the charge lattice and, very roughly, we

can think of µ|Q| ⇠ ↵(Mpl/f)|n|, where ↵ ⇠ O(1) and n 2 N . This interpretation is exact

for isotropic N -flation—that is, when �⇤ is a cubic lattice—which we analyze in detail in §3.2.

Our goal is to characterize the structure of such random potentials, and one measure is

to ask: how flat is the potential in a particular direction, ē? For almost any direction, we

can take ē to be a site in the field space lattice. This ensures that the potential is periodic

along that direction, and we can study its structure via the Fourier harmonics,

1

2⇡

Z 2⇡

0

d V ( ē) e�in =
Q·ē=nX

Q2�

ZQ . (3.3)

We will focus on the harmonic variances

�2
n(ē) =

Q·ē=nX

Q2�

e�2µ|Q| . (3.4)

To simplify our notation we typically write �2
n(ē) as �2

n, leaving the dependence on the

direction ē implicit.

The harmonic variance �2
n measures the extent to which the n-th harmonic contributes

to the potential along ē. Since we assumed that hZQi = 0, the n-th harmonic is suppressed if
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Focusing	on	poten/al	along	a	ray:corrections to the inflaton potential. This outcome is the exact opposite of what näıvely

occurs in N -flation, in that here increasing N actually decreases the e↵ective field range

along the ē direction by a factor of 1/
p

N .

By requiring that the variance in (3.13) satisfies �2
n ⌧ 1 and using the continuum

approximation7 (truncating to the Q̄ = 0 term in the sum) we derive the volume bound8

vol� . vol DN(2µ) , (3.15)

in the large N limit. That is, the requirement that higher harmonics of wavelength . Mpl

do not contribute significantly to the inflationary potential implies—in theories obeying the

LWGC—that the volume of the axionic fundamental domain is bounded by the volume of a

ball of radius Mpl (up to order one factors), and not by a cube with Planckian side-length.

Specifically, we find the bound

vol�

(2⇡Mpl)N
. 1p

⇡N

"r
2e

⇡N

µ

Mpl

#N

(3.16)

in the N ! 1 limit.

The bound (3.16) immediately implies that isotropic N -flation (i.e., a model with a

cubic charge lattice �, see Figure 1) fails in theories obeying the LWGC. If we violate (3.16),

the e↵ective field range will be cut down to ⇠ Mpl/
p

N in all directions. Conversely, if we

satisfy (3.16) by an order-one amount in radius, so that

vol� = vol DN(r) , (3.17)

for r/2µ < 1 an order-one fraction, then the Poisson-resummed expansion (3.9) breaks down

and the leading-order instantons will dominate the potential, provided these are not actually

dominated by small sublattices of �. This last point in particular suggests that we could get

an LWGC-compatible trans-Planckian field range by making the axion fundamental domain

“pointy,” with a large field range in one direction balanced by a slightly smaller field range

(the di↵erence is subleading at large N) in the other directions. We show this is true in §4.4.

We caution, however, that the volume constraint (3.16) should be interpreted as a nec-

essary rather than su�cient condition for inflation compatible with the LWGC: a model

may satisfy the volume bound, yet still su↵er from higher harmonics that restrict field

traversals to be sub-Planckian. For instance, consider a model with Kij = f 2
i �ij, and set

f1 6= f2 = f3 = . . . = fN , with

NY

i=1

fi

Mpl
. 1p

⇡N

"r
2e

⇡N

µ

Mpl

#N

, (3.18)

7The continuum approximation improves for larger n because more instantons contribute to the sum.
Thus, even when the approximation fails for small n, the volume bound remains valid.

8We are assuming that |ē| is not exponentially large in N . If |ē| were exponentially large, then it would
almost certainly be nearly parallel to a lattice vector ē0 whose length is not exponentially large. It is thus
unlikely that we can avoid the LWGC-mandated higher harmonics in this way.
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Figure 2: Instanton multiplicities k(N,n)
s computed in the continuum limit (green), the `a 2

{0,±1} approximation (red), and the saddle point approximation (thick, blue) for ⌫ = 0.

3.3 Random Matrix N-flation

In the previous section, we saw that the LWGC strongly constrains isotropic N -flation.

These constraints are severe because in isotropic N -flation the axion fundamental domain is

a hypercube, whose volume is famously much larger than that of an inscribed hypersphere.

A hypercube’s side-length must be much smaller than a hypersphere’s radius for the two to

have comparable volume. It is thus natural to ask if we can achieve parametrically super-

Planckian displacements, consistent with the LWGC, by changing the shape of the axion

fundamental domain, or alternatively by changing the kinetic matrix Kij in the lattice basis.

In this section, we consider what happens when the kinetic matrix is drawn from a random

matrix ensemble. Since this matrix must be positive definite, a natural possibility is to take

Kij to be a Wishart matrix, or alternatively an inverse-Wishart matrix (i.e., K�1
ij is a Wishart

matrix).

We begin by reviewing the definition and relevant properties of a Wishart matrix. Con-

sider an N ⇥ M matrix A whose entries are normally distributed with mean 0 and variance

�2,

Aij ⇠ N (0, �2) . (3.33)

Define the N ⇥ N matrix K by

K = AA>. (3.34)

K is then said to be an N ⇥ N Wishart matrix with M degrees of freedom, while K�1 is

then said to be an inverse-Wishart matrix.

Consider an ensemble E of N ⇥N matrices. Suppose that E is statistically rotationally

invariant, so that the corresponding normalized eigenvectors  a point in directions that are

16

Many	instantons	contribute! BeCer:	saddle	point	analysis
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The	WGC	is	a	constraint	on	QGs	supported	by	
highly	non-trivial	string	theory	evidence…

Summary

…which	makes	potenAally	falsifiable	predicAons…

…while	also	hinAng	at	the	emergent	nature	of	QG…

…as	well	as	providing	a	template	for	further	
exploraAon	of	the	swampland	and	the	landscape…

…even	though	there	is	sAll	much	more	to	be	
learned	about	the	WGC	itself!
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