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What is the entropy of particles species in quantum gravity ? 

Is it extensive (volume law) or does it follow an area law ?
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<latexit sha1_base64="2A+FreqbI84H6Aq2yqsZiiJej2c="></latexit>
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Replace the number of species         by the species entropy           :
<latexit sha1_base64="7pqAZxtRNnONTl3LCKhYYD6Nam0="></latexit>
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In other words: definition of species entropy:<latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268="></latexit>•
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Species thermodynamics:

Determines the motion of species properties in moduli space.

We will also introduce a species temperature                
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In other words: definition of species entropy:<latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268="></latexit>•



Two arguments for the species entropy  
A) Perturbative: one loop propagator

Consider        massless (light) species:
<latexit sha1_base64="nDwPaXNL+8UlaElcabh20fAEfgI="></latexit>
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Two arguments for the species entropy  
A) Perturbative: one loop propagator
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One loop graviton propagator:
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[X. Calmet, R. Casadio, A. Kamenshchik, O. Teryaev (2017)]
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[X. Calmet, R. Casadio, A. Kamenshchik, O. Teryaev (2017)]

Species scale: Gravity becomes strong: 
<latexit sha1_base64="h9D+g4ET6udR3XOe1MMbDZDMO8Q="></latexit>
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Two arguments for the species entropy  
A) Perturbative: one loop propagator

Consider        massless (light) species:
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<latexit sha1_base64="mDtwWUSvbFzvg3QDLAySbl/Vok8="></latexit>

Ssp ' N0 logN0 ' logN0!
<latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268=">AAAC0HichVFLS8NAEJ7GV1tfVY9egkXwVBIR9Vh84UWoYh/QFknSbQ3dPEg2xVpEvHrzqr9Mf4sHv11TQYt0w2Zmv/nm25kdO+RuLAzjPaPNzM7NL2Rz+cWl5ZXVwtp6LQ6SyGFVJ+BB1LCtmHHXZ1XhCs4aYcQsz+asbvePZbw+YFHsBv61GIas7Vk93+26jiUA1Vt2wjkTN4WiUTLU0icdM3WKlK5KUPigFnUoIIcS8oiRTw I+J4tifE0yyaAQWJtGwCJ4roozeqA8chOwGBgW0D7+PZyaKerjLDVjle3gFo4dIVOnbewzpWiDLW9l8GPYT+x7hfX+vWGklGWFQ1gbijmleAFc0C0Y0zK9lDmuZXqm7EpQlw5VNy7qCxUi+3R+dE4QiYD1VUSnU8XsQcNW5wFewIetogL5ymMFXXXcgbWUZUrFTxUt6EWw8vVRD8Zs/h3qpFPbLZn7JfNyr1g+SgeepU3aoh1M9YDKdE4V1CE7fKFXetOutDvtUXv6pmqZNGeDfi3t+QvJhpG3</latexit>•

One loop graviton propagator:
<latexit sha1_base64="3ZIO02oEAa/hNWNxsJuqDY+b9qk="></latexit>

G�1(p2) ' p2
 
1�N0

✓
p2

M2
P

◆ d�2
2

log

✓
� p2

µ2

◆!
<latexit sha1_base64="XS5SWWVYX8WkGO1j8E7vgb+j268=">AAAC0HichVFLS8NAEJ7GV1tfVY9egkXwVBIR9Vh84UWoYh/QFknSbQ3dPEg2xVpEvHrzqr9Mf4sHv11TQYt0w2Zmv/nm25kdO+RuLAzjPaPNzM7NL2Rz+cWl5ZXVwtp6LQ6SyGFVJ+BB1LCtmHHXZ1XhCs4aYcQsz+asbvePZbw+YFHsBv61GIas7Vk93+26jiUA1Vt2wjkTN4WiUTLU0icdM3WKlK5KUPigFnUoIIcS8oiRTw I+J4tifE0yyaAQWJtGwCJ4roozeqA8chOwGBgW0D7+PZyaKerjLDVjle3gFo4dIVOnbewzpWiDLW9l8GPYT+x7hfX+vWGklGWFQ1gbijmleAFc0C0Y0zK9lDmuZXqm7EpQlw5VNy7qCxUi+3R+dE4QiYD1VUSnU8XsQcNW5wFewIetogL5ymMFXXXcgbWUZUrFTxUt6EWw8vVRD8Zs/h3qpFPbLZn7JfNyr1g+SgeepU3aoh1M9YDKdE4V1CE7fKFXetOutDvtUXv6pmqZNGeDfi3t+QvJhpG3</latexit>•

[X. Calmet, R. Casadio, A. Kamenshchik, O. Teryaev (2017)]

Species scale: Gravity becomes strong: 
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Two arguments for the species entropy  
A) Perturbative: one loop propagator

Note that there are no multiplicative log corrections 
for towers with increasing masses, like KK tower !

Consider        massless (light) species:
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[X. Calmet, R. Casadio, A. Kamenshchik, O. Teryaev (2017)]
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Species entropy is identical to the BH-entropy of a minimal BH of size                
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Smallest possible BH with minimal entropy              tower is given in terms of species

          and the BH entropy becomes the species entropy          .
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Modular invariant species entropy

Use calculation of fermionic  free energy 

Consider heterotic string on                          and include also the winding modes on the torus.
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It provides a preferred direction in moduli space: Movement towards its boundary

.. towards large volume, towards weak coupling
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This is also relevant for dark dimension scenario.

This duality might be also related to the emergence proposal: 
               species built space-time geometry

Species entropy and black hole entropy follow area law.

This duality is also relevant for dark matter as KK particles or primordial black holes

There is a dual picture:  species as particles  -  species as minimal black hole 
<latexit sha1_base64="loo5uJIpfTzG3IDQKuR+5YqVcJo="></latexit>·

[E. Gonzalo, M. Montero, G. Obied, C. Vafa, (2022);
L. Anchordoqui, I. Antoniadis, D.L. (2022)]

[A. Castellano, A. Herraez, L. Ibanez (2022,2023);
R. Blumenhagen, A. Gligovic,  A. Paraskevopoulo (2023)]



28

Summary :

The laws of species thermodynamics shed new light on swampland conjectures, 
like the distance conjectures.

<latexit sha1_base64="loo5uJIpfTzG3IDQKuR+5YqVcJo="></latexit>·
There is a preferred direction in moduli space towards larger number of species, 
i.e. decompactification and weak coupling and smaller cosmological constant.

<latexit sha1_base64="loo5uJIpfTzG3IDQKuR+5YqVcJo="></latexit>·
[M. Montero, C. Vafa, I. Valenzuela (2022)]

This is also relevant for dark dimension scenario.

This duality might be also related to the emergence proposal: 
               species built space-time geometry

Species entropy and black hole entropy follow area law.

This duality is also relevant for dark matter as KK particles or primordial black holes

There is a dual picture:  species as particles  -  species as minimal black hole 
<latexit sha1_base64="loo5uJIpfTzG3IDQKuR+5YqVcJo="></latexit>·

[E. Gonzalo, M. Montero, G. Obied, C. Vafa, (2022);
L. Anchordoqui, I. Antoniadis, D.L. (2022)]

[A. Castellano, A. Herraez, L. Ibanez (2022,2023);
R. Blumenhagen, A. Gligovic,  A. Paraskevopoulo (2023)]

Decay of species via Hawking radiation.<latexit sha1_base64="loo5uJIpfTzG3IDQKuR+5YqVcJo="></latexit>·
[I. Basile, N. Cribiori, D.L., C. Montella, work in progress]



Thank you !


