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Refs by th 9401070 ey3.14INTRODUCTION AND MOTIVATION
hey th0002145 eg5.3

What is the species scale heyth 0106058 eq1.5

Why is it important at

The PLANK scale Mp f
t
Ip 10 Geller

was proposed by Planck on a fundamental scale of
Nature With the UNITS of MASS for Lenart if Lp
Dimensional analysis tells us that we can organize
a perturbative expansion in gravitational Efts in
terms of the coupling

Emp
Them the Eft breeks down when En Mp
However dimensional analysis bydefinition is BLWD to
DIMENSIONLESS COUPLINGS In other Words dimensioned
analysis cannot really tell us if the EFT Greeks
down say at FN Mpv10 Gell en En MII

1018GW

or perhaps at some scale way Mueller

For this reason at page I of hepph 0409182 they
write we still do not know the true physical

meaning of the Planck man Then they propose
to determine the Dimensionless coupling femibly
entering En Mp by demanding rhet the

EFT Greeks down when it violates Unitarity



sale from er 11

I aaaa n'n Luisa ecanotannatantilarotarintan
E RENORMALIZED GRAU COUPLING

in which the bound in saturated

Briefly in her th
0404,11

use the fact that the

partial wave amplitude for a 202 elastic scattering
in Unitary when I Rea I E z They calculate all 2 22

nattering amplitudes in Quantum Gravity and ask at what
sale the bound in violated This scale in the species sole

From an explicit computation upon converting the amplitude A

into partial waves
A 165 I lasts a g

mm Functions

I spin
they find eg 5

A 2

saw

G t M N N Ns Np any
1

Then here

IReay z Em 20 GnNT e In Mf

In Standard Model with Higgs doublet and 3 generations of
fermions Nsa 2 Nf 245 Nv 12 and unitarily in violated
at Erm TE Gi I 6 1018 Get z Mp



onion of Coefficient N The uniterity conditions in

astrally
Im A S IA l

which implies Beag f ta The above equation
in interpreted diagrammatically as when saturated

mom lmk a me
j

sure over the N
particles running in
the loop since I
have to takeinto account
all the combinations

A similar PERTURBATIVE ARGUMENT has been pored in
hepth 10710.4394 and also reviewed recently in 2212.03908

From the latter we can read off the I loop propyeta

of the graviton coupled to N Mtsseless stuns

i turn i proper proper proper tape
when pro you It

IP't ape z
NP

f
hotMp ly I

FEEL I coop
Perturbation theory breech down when treelevel s loop

which happens at a sale
nee g 2.5
of 2212.03908 p A p MI SPECIES SALE

up to LOGARITHMIC Connections which arise because

we considered massless Particles in the loop



An explained in 2305 10490 around y
2 14 for

massive PART IES in the loop we have e modification
to the ywyeget.vn

p
More details can be found in

gr g i 9905057 when it is explained that it arises as

a correction to the vertex

II
T É
m t rhyme t

T
vac um Poona ly f

Eventually one has

it Ip p a ftp.hyfE rI.jp p

Fez an Asp the log term vanishes then one

con cheek that for mm fun on string spectrum
one arrives at

TREE TUEL 2 hoop when Nsp MI
without too comestons From this ferspective
the log correction are just an accident of the

purely manlers care In string theory we do have
outssin modes so We would Not expect there

MULTIPLICATIVE COG ComicTONS Instead we expect
ADDITIVE WG CORRIONS an we will explain later



Up to this point we provided evidence for a

sale
SPECIES

Asp
MP

Ndz
C MP SCALE

at which PERTURBATIVE GRAVITY breaks down
Now we would like to provide NON PERTURBATIVE

arguments to arrive at the same conclusion
Thin will congleta the picture and support the

idle that the species scout is the sale at

which Gravity BECOMES STRONGLY COUPLED and on

such it gives an offer bound on the UV
cutoff of gravitational Efta

Arguably the first NON PERTURBATIVE argument was

provided in 0706 2050 0710.4344 and if runs as fellows
See faye 46 of 1903 06235

Consider N Gomit species of man Asp and eachof them with
a ganged Zz symmetry the system has thus ZI
ganged symmetry From these N species we can form a

Bit of man

MBH I N Asp

As usual the temperature of the BH is

TBH try 9
3

i e Ma a

Mpd

Tid 3



Since the Zi symmetry is gauged it must be revealed

during evaporation However initially AspsTBH and the emission

of the Zit charged particles is suppened by a Boltzmann factor

e MTB

By radiating ether particles the BA WN DECREASE ITS RADIUS

RBA hence increase it TBH untie

IT TBH NSP F trait
min

and it man is

MBit Id
At this point the ZI charged particles can

be emitted However there are at mat N of them
then we have

d 2

NAsp Mba
Mpd N n Msp N SBA
g 3

from which Nsp ME

Lesson Asp Mnf c Mp in the scale at

which gravity becomes strongly coughed

It gives an UPPER Bound on the UV cutoff
of gravitational Efts

It in defined on the inverse size of
the smallest possible Bit in the theory

RBA Min Asp't



THE SPECIES SCALE IN SOME SIMPLE EXAMPLES

We have seen that in a theory of gravity with N

particle species the UV cutoff is

Asp MII
We want to see how this relation in reclined

concretely in single relays The idea will be

to lount ALL STATES where mom is by to Asp

clearly in a general setup this is not an easy task
However we can use swamplson conjectures as an

agonising principle and extract some general lemon

The swanyland DISTANCE CONJECTURE and its refinement

in particular the EMERGENT STRING CONJECTURE 191001135

tell us that natural candidates for species are

KU MODES and STRING MODES Therefore we can

study single setup involving there modes and
calculate Asp therein



SPECIES as KK MODES

Let in consider a theory with a tower of an orates and anime

there are the only species upto 011 ether stars in the theory

We want to understand at which scale gravitybecomes strongly coughed

The KK orates ere organized on a tower

y
iteranots For stenos

Munim m man m MI e Mp offdtl
R dim theory

the number of UK modes ey to Nsp is thus

Fim Ifan N ME ten unmade
Aspd 2 sees vln

higherdithery

tuna
Nspd

d
man Mpd

MI Mpd
2 ppd

Mpd Mfd

Lapd R MidVeefr

Thin can be generalized to multiple independent
fliers

I I 1

1
47 1 1

7
N x NX X N

I
NTot Nsp

1 1



using Mun Fet
Mpd a Mpd Vee

we get Ast
2 Mpd i.e Asp g

Mp

A nice complementary argument involving Contino of BH
microstates has been provided in 2305.10490 appendix B

The idle in to Count the number of multiparticle
states where tort man is equal to that of the Blt
Amruning we have at our disposal only a town of
kn okra with man pacing man we have

N It of un stats ay to Nsp

K
MBH

ma
of multipartite stake ay to MBA

with K S N nina MBH NAsp

indeed n MII Than N

The number of Bit microstates in given by the
number of petitions of k into N integers In N
Sima us N we can approximate this number by

ESB ya n
kN
vii n IT I É near

i n SBA IN



LESSON Gravity is Not Stronely coupled at man

but at Asp Mp fat man s man

At man I just have a higher dimensional

theory of weakly coupled gravity
The species scale for a deconyectification
limit from d der is given by
for independent towers

II i
Asf many Mpd 2

sp mute Mp
z

For more Conglicated towers see general

algorithm given in 2112.10796



SPECIES as STRING MODES

This con is a bit more subtle First it is notclear

if it makes sense to use a Qft approach on that of
the graviton propagator If we try nevertheless to do
so following page 9 of 2212.03908 we have

p MII I
n'sign

Mm mm
at m minx

but at level m there in a number of states

for me t
d e g m k e

thus the number of species is

r EY du
We want to find Max Max N Ms and then

substitute it into the above relation Asp MsFux
to need off Asp Asp IN Ms
To thin purpose we can write

Nt App MI N t Imax
i dm

Thin in an equation in Moux which can be solved

to find for Fp o

Fmx n d 2 bog Mfs Ollogly Mfs



Putting thin back into Asp MsRoux we get

Nsp Ms boy Est s Ms

We get that Asp in Lakota THAN Ms

Now let try with the Blt argument following
2305 10490 section 3 1 For a Bit of man MBH
made up of shiny stats we have Ideal

Tmx Mtg Mp

I I y
On the other hand the Blt eulogy is

NYE Spit dog dmm Frat FlogFrix
Different
STEPWRT
Affetroach

Combining these two equations in order to eliminate

Montx we get for 4,40

Nsp Ms Ip Ms b t
tk

For Paso Mm so we have

Asp Ms

Thus the Blt approach given a different result with

respect to the Qft approach



SPECIES SCALT AND HIGHER DERIVATIVE CORREITONS

Given that the aft and Blt approach to the species cell seem

to give different answers it might be useful to haveyet
another method to weights the feces scale We can do so

by looking at the derivative expansion of the gravitational sector

of a spacetime effective action

y
combination of 2 Reupr

L Mpd 2 Rt qq.gr't
tea d h Iman

er a Iman

I Mpd A p Rio CairoMsp Rio
Mpd2

where we introduced dimensionless quantities

Cairo Gyu RI By

The Eft breaks down in the gravitational sector
when the coefficient of R'to is of order L
This happens at a scale

Asdp
Mpd

Ca o
FC2 io N

We learn that the species serve in the pole in front
of the R term in the spacetime effective action
Once this is identified we can calculate the number of
species as the ratio N Mdg

d 2

While N mightnot be a well defined concept Asp in
well defined on the noels multiplying R2 The role of
Rm 2 team remain to be understood



SPECIES THERMODYNAMICS

We have seen that in a d dimensional EFT the

number of species N in an INTENSIVE QUANTITY

No Mq

d 2

Mpls
d

AREA Not volant

In quantum gravity a well known intension

quantity in the Entropy of a Bit since it is

roughly given by the area of the horizon

SBH Mp RB Jd
2

We have seen that N is basically set by the entropy
of the southeast Bit in the EFT Can we take thin

analogy any further Can we develop a more complete

thermodynamis picture in the language of species
This has been done in 2305 10989 and it is reviewed

below For simplicity we consider a SCHWARZSCHILD Bit
whose defining parameters are

Spit MpMBA RBAMp
d 3

Mp

4 TBH I try

Salt Rbi MpJd
2



One can check that

SBA TB
2

Mpd 2

or TBH
ME.at

Given the similarity with

Asp Mp

Ndt
We can propose a dictionary

SBH ES N

TBH I a

M SPECK

TEMPERATURE of SPECIES

To complete the picture we need to identify E a t

Since we have not wed Mat pet a naturel

guess would be
MBH Es E

We can check this guen in concrete examples



Let us consider again a tower of KK modes as species with

Em M TE

DE Asp Mp v
d

N

The total energy of the tower in

E E En I m ImpN
dah

Mp N
É Iliff by

N

Mp v
f
n MpNdf

Mp 5,1 MBA

The calculation can be generalized to a town o t

Em Mt Moonta p s Kk

clearly Nsp N t m tower p a stains
asexplained at1g5
of 2112.10796 f soThen we have isneededtocanalany
polynomial dependence

E Fm MowerÉMt sincethestringdyeing
is expuntiee

I Mtowin H N Ip
taininatiditanouk NUMBER

It Ip Off 91 tp Mtown

1101 I ntpmgn.ply.N Asp Is N

PET Asp N Mp N dot



Therefore we completed the dictionary

SBH ES N

TBH I a p m n
g

EMMY SPECK

TEMPERATURE of SPECIES

Mba I Esp depNkt

and one can check that I
2

LAWS of SPECIES THERMODYNAMICS

We have now a complete analogy between species and
the thermodynamics of Schwarzschild BH We can then

formulate the LAWS of SPECIES THERMODYNAMICS on the

MODULI SPACE Esp EE Tsp IT Ssp IN
tree later

0th LAW Point with the same Asp10 have
the same Tsp101

2
t
LAW SEsp TspSsp 089 t

2nd LAW F direction in moduli pace o t

SAsp101 GO i e Gssp 0170

3rd LAW Tsp10 0 in at INFINITE DISTANCE

in moduli space



COMMENTS

2 The 0th law does Not say thatAsp Tsp Thin layers
for Schwartanchild Bit but can be different for other Bits

2 The interpretation of Q Q in the 1
t
Law in still

work in progress

3 The SDI implies the 2nd LAW
Viceverse 2ndLAW BA EDC implies the SDC

BITEDC 1912.07453

In the limit Spit soo there in a tower of light
stakes with mane me 55,10 820611

4 The HEAT CAPACITY of SPECIES in NEGATIVE

Csp III É z t o

the same happens for Bits they get cooler when

you add energy why they get hotter if energy
si taken away
Given that Esp Mp Spot and that Espoo
towards the boundary of the moduli yea the

DESERT POINT in the HOTTEST POINT of the M duh
meee if I reduce N Ssp the energy decreases

but the temperature increases since Cspco



SPECIEC SCALE IN STRING THEORY

So far we disowned the motion of species sale in

QUANTUM GRAVITY without really relying on strenr theory
Hence the previous discussion in general and should

apply to clip theory of QuantumGravity
Sima Stowe theory in a theory of quantum gravity
it is meaningful to study the SPECIES salt within

string theory Indeed within string theory we can

make more precise and quantitative investigations

The starting point in the observation that there being no

free fereunetus in string theory the NUMBER of SPECIES N
and thus also Asp must be a Funiton of theModule
The first problem to be addressed in their how to determine

Asp Asp10

N Nid
In general we expect the answer to be MODEL DEPENDENT
However we can try to get some intuition in simple cases
To start we ebrewn that a function N riot can

be derived just for dimensional reduction i i
Indeed it in known that for a compactification d d m

we have
Ms Mp Vien g g et

I m dim volume
in string unitsen

Mp Mp Veen
I



By arming Asp Ms on Asp I dip we find

Asp Ms Mp Velu
2
g I In

Asp Mp Mp von
2 I Mp

N z

hence we get the MODULI DEPENDENT Expression in any d

N 101 e Ven g
a Male

gs RnMp D



MODULI DEPENDENT SPECIES SAIT and BH ENTROPY

The result Navid can now be checked by looking at the
entropy of the SMALLEST POSSIBLE Bits in string theory
To get an intuition we can just concentrate on

single and well understood examples to this purpose
let us briefly review how to calculate the entropy of
BPS Efts using the Attractor MECHANISM heyth 9602136

Concretely we will look at Blt in hd N 2 sort

Here there in a function of the VECTOR MUMPIETS Module

called CENTRAL CHARGE

Z qui pain Ziti t In er In
ne ly if'Fn x'Fn

The Attraction MECHANISM alarm that the entropy of an

extreme Bit in the theory is given by the function

SBA T Z I

evaluated at the pint to s t 2 1211 0

t t
We will show how thin can be exploited to get the
correct moduli dependence v riot by looking at the

swellest fersible Bit and identifying Sait min IN 40



BH IN HETERMI on K XT

We just need to know the control charge which is

F x't Z I gsq tsp AP 970 pro
for BPS BH

when gs ed in a scaler in the vector multiplets
The idle in to fix thin peeler by entremiting the modulus
of the centred charge

2 121 0 gs gs p91

By a direct computation one finds

gs Ig male pco

Thin in the value of the poler field at the horizon

The entropy is then at f pg apg pal pg

SBA Ig I 221h Ipg yo

Thin in the well known computation giving the entropy of
this clan of Bits
To extant the moduli dependent function N NH
we reverse engineer the last sty
Given

SBM I p9

and knowing gs Pg we can replace on



of the charger in terms of a solar field Which charge

has to be replaced is determined by requiring that
the expression Spit Spit get grown for gs 0

a p gstq sat it gig o X
fangs o

6 q Pgp SBit It
g pong or

Thus we have to replace g and we get

SBA T JI
Finally the minimal entropy is found byminimizing the
leftover charges In this case the minimal

value is p s giving

SBH min 952 Nfp

matching with 0512.3167 fowle 20

In that paper Negi is derived by imposing THEAsp Ms
and by recalling Ms Mp Vee h g ru 1g to

Notice that in this retry the volume is in a hypermmetight

and fleas if does Not couple to the Blt while gs
is in a vectanultiplet and it enters the Blt solution
In IIA the situation in the other way around
Therefore thin single reasoning convos capture the

defending of N from Vel in the heterotic frame
To coyture it we look at Bits in It



Bits in IIA on CY3

The vector multiplet actor in fixed by

F I Cin Xixixo
Xo

The Cy volume is

Voy 5 aint't't Ii
We consider the central charge

Ze gal pann Ne fgetCijuzizip

and a Bit solution reported by go p pi so charges

Microscopically thin in a Do Dh Bit on a MSW Blt in Sd
One can show that the attractor equation 2 121 0

in solved by
pnei x I

gn i Fn Fn

The entropy in then

SBA TZE la 2TFCipipipt

To reverse engineer the moduli dependence we need to

recall the expression of Vey at the horizon namely

Vey Ipipif



Then we follow the same logic as in the previous
example The only difference in that now we want

the entropy to grow with the volume

a fcinpipip 9 Suit O Kay
2

b q t Cijapipipu
s way's

Spit 2h Way toCijapipip so for Vey a

So the correct option in b and the minimal

entropy is obtained for

ICijapipiph I Spit min I Vey 2 IYCLE VOLUME

We learn that the species scale in this limit
is governed by a 2 CYCLE VOLUME

Interestingly the same result holds also in the

fusend of higher elevation corrections

In fact by including R corrections we can confirm
explicitly that the species pole givenby the scale

multiplying the R term is governed by a 2 CYCLE

volume in thin retry



BAD in IIA on CY WITH R Correction

In general dealing with higher derivatives corrections in

sucht and stringtheory in not an easy task especially if one
aims at doing it in a manifestly supersymmetric way
However one particular R correction in the present

setup is known It descends from an R correction

in IID and it is not rewrudited due to anomaly
cancellation In hd it reeds see e g hey th 9711053

Soon go Cz ImZiTrRn R

with Cai Tca n wi

Thi correction can be seyerrymmetted by modifying
the previous preferential as fly th 9812082 fitretYooo7195

To x FA Al Fold F N

Fo x I CinxixixkXo

Fact di
o

di ta ta ki

lutuestingly the attractor equations are the same

as before I but Z Z Ix All However in the presence of
higher derivatives correction the Beneerstein Hawking

formula does Not capture the full entropy One should
instead are the WALD FORMULA



Swed 2T fog EatEad Ian

A direct computation gives

Spy ZE t h Im Afa

Inserting the specific preferential forthe mail
under investigation results in

Sm at MFijapipipeczipit

The minimal entropy can now be achieved with

t Cijupipiph o

giving
SBH min ZIT Elzipi I ziti e Fa

i e N 101 I Felt

The number of species is counted by the correction Fs
to the tree level preferential Fo Being linear in t it

represents again a 2 CYCLE volume

Remarkably the SAME FUNTON of Dtt MODULI appears also

in a completely different context it is the genus one

free energy of the topological string Therefore we have



Ztip eft E so feat 15
0 Ign 71F UTIMF

Z BH EB f Bit legend Roush of Sait
Fo FaA t

Inferring that these functions be the same amounts

to ask that

2 Bit 2top
2

This is known as OSU CONJECTURE hey th 0405146
Indeed that V10 is given by Fa has been tapered

in 2212.06841 It is justified by the fact that
ten topological string and the superstring are

related as explained by hap th 9307758



MODULAR INVARIANT SPECIES SCALE

We motivated the fact that the species seed in
a function of the moduli and we determined
this function in some simple examples
However eve should keep in mind that the expressions
We found ere valid only in asingheti regions
of the moduli space where e y we can trust
the supergravity approximation Indeed the

expression we found should be understood on

the asymptotic limit of a pet unknown function
valid Globally over the moduli space
In general to find this function is hard
In 2212.06841 it has been proposed that on

the Hector multiplet moduli space of type II
string theory on Cys this function is related

to the GENUS ONE FREE ENERGY of the TOPOWCIALSTRING

In single setup such as toroidal orbofolds we

can reconstruct the full global expression of ten
species sale starting from its asymptotic fun
An explained in 2306 08673 thin can be done

by exploiting modules invowance which is a

duality on these manifolds We explain this
in simple examples for ten and shiny towns
The starting point in the asymptotic expression

Ne Un g52



Uk Towers The asymptotic expression that we

found is

k v3 y
2 act

IMT

this diveyer for t o We want to

replace it with a function of t which has
the same divergence also for too One can

cheek that the appropriate function is

Ne by 414k
this has the correct asymptotic behaviour and

if in invariant under t t 11 To make

it invariant also under t I we need to

replace it with

Nt ly f in F MT I
This function is valid over the full modulipace
Fer Int so we can write

N Vit slog

Imt

Hence

Asp My Ms at Vit logy's

It Ms



steno towers The logic in exactly the sour as before

The asymptotic expansion in

N gs I Ims

The function with the correct anynytation is

v bog lyis

and its modular inerrant completion is

re by Items yes l
For Ims o we have

Ne 952 3bygs
and this

Asp Mf Ms at gs eggs

Tgs Mp Ms



OUTLOOK SPECIES EMERGENCE and DUALITIES

We gave story evidence for the existence of a

scale function over the ENTIRE MODULI SPACE
This function contain precise information on theEFT
at all points in the moduli space In particular

it tells us when the EFT breaks down

At each feint at the boundary we have a different
asymptotic form of Asp101 Hence we have
a different UV cutoff and a different spectrum content

In fact this suggests that there in a different
EFT of QUANTUM GRAVITY

In 2309.11551 2309.11554 we papered that

thin Eft can be quantized perturbative y in I
the fundamental d d f on those infinite
towers with man pacing c Asp

Therefore The SPECIES SCALE SERVES as a COMPASS

acrom the MODULI SPACE Of GRAVITATIONAL EFTS




