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The Emergence Proposal

In a theory of QG all light particles in a perturbative regime have no kinetic terms in

the UV. The required kinetic terms appear as an IR effect after integrating out a tower
of light states up to the species scale

[Harlow "15] [Grimm, Palti, Valenzuela "18] [Heidenreich, Reece, Rudelius '18] [Ooguri, Palti, Shiu, Vafa "18] [Palti "19]
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* Emergent infinite distances in moduli space > Infinite distances appear as a
consequence of an infinite tower of particles becoming light (related to the SDC)
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* Emergent gauge couplings > Weak coupling points appear as a consequence of an

infinite tower of charged states becoming light (related to the WGC)
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Topological phase?

8pp =0 [f,=0
V=0

V#0
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Topological phase? ,
gsp=0 [f,=0 Recipe to obtain Your own Emergent Kinetic
Term

V=0

1. ldentify the states of the tower(s) that becomes
massless.

2. Compute the cut-off Agg and the # of Light species.

2. Find their coupling (s) to the sca Lars/p-forms with
emergent Rinetic terms.

4. Sum the contribution of the full tower to the
Ppropagator.

Back to the Swamp) IFT Madricl) September 2022
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The species Scale

¢ Quantum Gravity cut-off in the presence of N light species

[Arkani-Hamed, Dimopoulos, Kachru "05]
M A _ [Distler, Varadarajan "05]
Pl,d > QG — 1 [Dimopoulos, Kachru, McGreevy, Wacker "05]
[Dvali ’07] [Dvali, Reedi "08]
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The species Scale

* Quantum Gravity cut-off in the presence of N light species

* Perturbative arguments

q
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* Perturbative arguments

q At which scale does the perturbative expansion break down?
> | :
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IOV V> 1 (.2 2 Np 2, 2
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The species Scale

* Quantum Gravity cut-off in the presence of N light species

[Arkani-Hamed, Dimopoulos, Kachru "05]
) [Distler, Varadarajan "05]
[
[

Dimopoulos, Kachru, McGreevy, Wacker "05]

N T-0 Dvali’07] [Dvali, Reedi’08]
* Perturbative arguments »

q At which scale does the perturbative expansion break down?

B N ~~ »

p <P ,
> v —1 (2 2 Np 24772

99999999 922909999~ ' (p?) =2p*| 1 - In{=p?71i*)
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« Non-perturbative arguments: Smallest semi-classical BHs have size R ~ A(_Qé

since, in the presence of N species, its decay time can be estimated as 7 ~ éé
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The species Scale

* Quantum Gravity cut-off in the presence of N light species

M [Arkani-Hamed, Dimopoulos, Kachru "05]
M A _ Plad [Distler, Varadarajan "05]
Pl.d > — [Dimopoulos, Kachru, McGreevy, Wacker "05]
’ QG 1
Na=—=2 [Dvali’07] [Dvali, Reedi '08]
* Perturbative arguments »
q At which scale does the perturbative expansion break down?
_ P - -
s \‘ — ) 2 Np* 2,2
99999999 922909999~ ' (p?) =2p*| 1 - In (—p?/p?)
\ 2
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« Non-perturbative arguments: Smallest semi-classical BHs have size R ~ A(_Qé

since, in the presence of N species, its decay time can be estimated as 7 ~ (Sé

(log corrections roughly amount to N — N log N)
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The species Scale

-Dimensional Reduction- M
Pl.d

¢ Quantum Gravity cut-off in the presence of N light species AQG =
N7=2

* d-dimensional EFT coming from (d + k)-dim theory compactified (for simplicity)
on a k torus of radius RMP_I}( A0
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-Dimensional Reduction- M
Pl.d

¢ Quantum Gravity cut-off in the presence of N light species AQG =

Na—=2

* d-dimensional EFT coming from (d + k)-dim theory compactified (for simplicity)

- 1
ona k torus of radius RMp, " ;.4

MG 7 =M 5, (2aR)

pl,d pl,(d+k)
M . MPI,(d+k)
KK R

d+k=2 _ agd+k=2
AQG = Mpl,(d+k)
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The species Scale

-Dimensional Reduction- M
Pl.d

¢ Quantum Gravity cut-off in the presence of N light species AQG =
N7=2

* d-dimensional EFT coming from (d + k)-dim theory compactified (for simplicity)
on a k torus of radius RMP_LI( A0

MG 7 =M 5, (2aR)

pl,d pl,(d+k)
>
Mp, (d+k)
: d+k=2  agd+k=2 ~ Ad+k=2
Mgx = R AQG — Mpl,(d+k)/ Ny = AQG, (d+k)

The Species Scale of the d-dim EFT = A of the full theory

(including the zero modes N,))
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The species Scale
-Stri T -
Stringy Tower My,

e Quantum Gravity cut-off in the presence of N light species AQG —
N7=2

* d-dimensional theory with the excitation modes of the string

m? ~ (n— 1) M?
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The species Scale

-Stringy Tower- M
Pl.d
e Quantum Gravity cut-off in the presence of N light species AQG — 1
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* d-dimensional theory with the excitation modes of the string
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e Quantum Gravity cut-off in the presence of N light species AQG —

* d-dimensional theory with the excitation modes of the string

NS
2 _ 2 _ N~ ) d
my ~ (n— 1) M, i M&7 s 24 e i (M
G = — Vs * "
dn ~ e\/ﬁ ? Ntot i n=1
Ea
| Aqg
AQG == Ns 2 — NS
== N, —1 MS
1 -2
I Mpy 4
1 \/N, ~ log < >
NtOt S
- Species Scale = M, (up to log corrections)
-1 2 Log corrections are key for the state counting
M, —+




The species Scale

-Stringy Tower-
8Y
e Quantum Gravity cut-off in the presence of N light species AQG =
* d-dimensional theory with the excitation modes of the string
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Species Scale = M, (up to log corrections)

-1 2 Log corrections are key for the state counting




The species Scale
-Multivl -
Multiple towers Moy

e Quantum Gravity cut-off in the presence of N light species AQG —
N7=2

* Typically, not only the tower with the lightest mass scale contributes to the
Species Scale (i.e. more towers can be below the QG cutoff)  [Castellano, AH, Ibariez 21]
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-Loop corrections-
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Emergence

Topological phase?

I

Recipe to obtain Your own Emergent Kinetic Term.

1. ldew’ciﬁj the states of the tower(s) that becomes massless.
2. Compute the cut-off Agg and the # of Light species.

2. Find thelr coupling (s) to the scalars/p-forms with emergent
kRinetic terms.

4. Sum the contribution of the full tower to the propagator.
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Emergence
-Type II on a CY threefold-

 Consider type IIA on X; / type IIB on mirror Y5 and study large volume /CS limit
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Emergence
-Type II on a CY threefold-

 Consider type IIA on X; / type IIB on mirror Y5 and study large volume /CS limit

« Tower given by D0-D2 bound states with fixed (finite) D2 charge and n DO charge

[Grimm, Palti, Valenzuela "18] [Grimm, Li, Palti '19] [Corvilain, Grimm, Valenzuela '19] [Gendler, Valenzuela '21]
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Emergence
-Type Il on a CY threefold-

Consider type IIA on X5 / type IIB on mirror Y5 and study large volume/CS limit

Tower given by D0-D2 bound states with fixed (finite) D2 charge and n DO charge

[Grimm, Palti, Valenzuela "18] [Grimm, Li, Palti '19] [Corvilain, Grimm, Valenzuela '19] [Gendler, Valenzuela '21]

> Decompactification to M-theory on S! X X, with large circle
> DOs field content= Full KK tower of

Strong coupling limit in ITA

> M2-branes with KK momentum along the circle
massless spectrum of M-theory on X;
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Strong coupling limit in ITA

> M2-branes with KK momentum along the circle
massless spectrum of M-theory on X;

—_— —
— —_——

DO: | Gravity multiplet (h'"! — 1) vector multiplets h>1+ 1) hypermultipli_s#
*m — = — — == == ==

D2-D0: | Massive hypermultiplet (+ massive vector multiplet)
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Emergence
-Type II on a CY threefold-

 Consider type IIA on X; / type IIB on mirror Y5 and study large volume /CS limit

« Tower given by D0-D2 bound states with fixed (finite) D2 charge and n DO charge

[Grimm, Palti, Valenzuela "18] [Grimm, Li, Palti '19] [Corvilain, Grimm, Valenzuela '19] [Gendler, Valenzuela '21]

> Decompactification to M-theory on S! X X, with large circle
> DOs field content= Full KK tower of

« Strong coupling limit in ITA

> M2-branes with KK momentum along the circle
massless spectrum of M-theory on X;

—_— —_— —
— —_— —_— m—

DO: | Gravity multiplet (h'"! — 1) vector multiplets h>1+ 1) hypermultipli_s#
*:=————_=—_= — = — — == == ==

D2-D0: | Massive hypermultiplet (+ massive vector multiplet)

- Species scale yields Agg = M, s
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-Type Il on a CY threefold-

 Consider type IIA on X; / type IIB on mirror Y5 and study large volume /CS limit

« Tower given by D0-D2 bound states with fixed (finite) D2 charge and n DO charge

[Grimm, Palti, Valenzuela "18] [Grimm, Li, Palti '19] [Corvilain, Grimm, Valenzuela '19] [Gendler, Valenzuela '21]

> Decompactification to M-theory on S! X X, with large circle
> DOs field content= Full KK tower of

« Strong coupling limit in ITA
> M2-branes with KK momentum along the circle
massless spectrum of M-theory on X;

DO: #Gravity multiplet (h'"! — 1) vector multiplets (h*1+1) hypermultipleti#
D2-D0: | Massive hypermultiplet (+ massive vector multiplet)

- Species scale yields Agg = M, s

1
- Effective action: 3 S\A D / ZIm NapF* ANxFP — G dz® A *dz°
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Emergence
-Type Il on a CY threefold-

 Consider type IIA on X; / type IIB on mirror Y5 and study large volume /CS limit

« Tower given by D0-D2 bound states with fixed (finite) D2 charge and n DO charge

[Grimm, Palti, Valenzuela "18] [Grimm, Li, Palti '19] [Corvilain, Grimm, Valenzuela '19] [Gendler, Valenzuela '21]

> Decompactification to M-theory on S! X X, with large circle
> DOs field content= Full KK tower of

« Strong coupling limit in ITA

> M2-branes with KK momentum along the circle
massless spectrum of M-theory on X;

DO: FGraVity multiplet (h'"! — 1) vector multiplets (h*1+1) hypermultipleti#
D2-D0: | Massive hypermultiplet (+ massive vector multiplet)

- Species scale yields Agg = M, s

1
- Effective action: 3 S\A D / ZIm NapF* ANxFP — G dz® A *dz°
. K [ 1+3(b/t)? -3b/t* 3
1I-modulus case Im N = 5 ( ey 3/ Gii = 17
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Outline

1. The Emergence Proposal

2. The Species Scale

3. Loop calculations recap

4. Emergence in 10d (type ITA at weak and strong coupling)
5. Emergence in 4d (type IIB/type IIA on a CY;)

6. Emergent Potentials (M-theory in 5d and type ITA in 4d)

7. Other Results and Summary
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Emergent Potentials
-Type II on a CY threefold-

1 1
Dual formulation for flux-potential V = EZAB 0.0p with S,;D 4_1<2J Zyg F f A *Fy
A

[Bielleman, Ibafiez, Valenzuela '15] [Carta, Marchesano, Staessens, Zoccarato “16] [AH, Ibanez, Marchesano, Zoccarato “18]
[(Bandos,) Farakos, Lanza, Martucci, Sorokin “17-"19] [Grimm, Li, Valenzuela "19]
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« Emergent potential = Emergent kinetic form for a (d — 1)-form in d dimensions
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Emergent Potentials
-Type II on a CY threefold-

1 1
Dual formulation for flux-potential V = EZAB 0.0p with S,;D 4_1@[ Zyg F f A *Fy
4

[Bielleman, Ibanez, Valenzuela ’15] [Carta, Marchesano, Staessens, Zoccarato '16] [AH, Ibafiez, Marchesano, Zoccarato “18]
[(Bandos,) Farakos, Lanza, Martucci, Sorokin “17-"19] [Grimm, Li, Valenzuela "19]

« Emergent potential = Emergent kinetic form for a (d — 1)-form in d dimensions

1 ¢
4d EFT: S,, D —[ e~ Y (F) NK*F) +4g,, FOAXF)) o= S

4Kz V7

A
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Emergent Potentials
-Type II on a CY threefold-

1 1
Dual formulation for flux-potential V = EZAB 0.0p with S,;D 4_1@[ Zyg F f A *Fy
4

[Bielleman, Ibanez, Valenzuela ’15] [Carta, Marchesano, Staessens, Zoccarato '16] [AH, Ibafiez, Marchesano, Zoccarato “18]
[(Bandos,) Farakos, Lanza, Martucci, Sorokin “17-"19] [Grimm, Li, Valenzuela "19]

« Emergent potential = Emergent kinetic form for a (d — 1)-form in d dimensions

1 ¢
4d EFT: S,, D —[ e~ Y (F) NK*F) +4g,, FOAXF)) o= S

4Kz V7

A
‘ 4d type I1A '

C3

G
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Emergent Potentials
-Type II on a CY threefold-

1 1
Dual formulation for flux-potential V = EZAB 0.0p with S,;D 4_1@[ Zyg F f A *Fy
4

[Bielleman, Ibanez, Valenzuela ’15] [Carta, Marchesano, Staessens, Zoccarato '16] [AH, Ibafiez, Marchesano, Zoccarato “18]
[(Bandos,) Farakos, Lanza, Martucci, Sorokin “17-"19] [Grimm, Li, Valenzuela "19]

« Emergent potential = Emergent kinetic form for a (d — 1)-form in d dimensions

1 ¢
4d EFT: S,, D —[ e~ Y (F)NKXF) +4g,, FOAXF)) o= S

4Kz V7

4
Sl —
‘ 5d M-th ' < ‘ 4d type I1A '

C, < Cy

C, < C3
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Emergent Potentials
-Type II on a CY threefold-

1 1
Dual formulation for flux-potential V = EZAB 0.0p with S,;D E[ Zyg F f A *Fy

Kj

[Bielleman, Ibanez, Valenzuela ’15] [Carta, Marchesano, Staessens, Zoccarato '16] [AH, Ibafiez, Marchesano, Zoccarato “18]

[(Bandos,) Farakos, Lanza, Martucci, Sorokin “17-"19] [Grimm, Li, Valenzuela "19]

« Emergent potential = Emergent kinetic form for a (d — 1)-form in d dimensions

1
4d EFT: S, D —[ e Y (F)NKXF) +4g,, FOAXF))

2
41<4

Cy < Cy <
[w,] !
Co ) Cy )
n
Tower: W3</2X3> W3(/’;Sl>

¢
e¢4=e_

NeZ

‘ 4d type I1A '

C3

G
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Emergent Potentials

-Type II on a CY threefold-
QEFT: S,y —— | e~ 7 (FO A %F0 + 4 g, FO A %F? o <
. 4d EFT: 40,34—’(% e (F) AXF) +4g,, F{ AXFY) e =
1
S5y D —[ VZ(F) AXF)+ G, F¢ A %F?) Gy # G (V)
C
[@,]
C6 > C4
Tower: W3</ZX3)

The Emergence ProPosal in String Theorg and the Species Scale Back to the Swamp) IFT Madrid, September 2022



Emergent Potentials
-Type II on a CY threefold-

1
., 4dEFT: §,;D 4—K2[ e Y (F)ANXF) +4g,, F{ A xF}) el = —
4

1
Ssq D —[ Vs (F) A XF) + F& A %F?)

4Kz
G g G
. o) c.
Tower: l/f3<,ZX3>
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Emergent Potentials
-Type II on a CY threefold-

1
4d EFT: S4d34—1<2[e_4¢4%(F2/\*F2+4gab Fff/\*Fff) ehs =
A

1
Ssg D 4—[ VZ(F) AXF)+ F? A %F?)

2
Ki
X3
11d M-th > 5d M-th
S114 D LJ'd“x eLF W DRI TMNPQ TIS] 1 1 1
2Kty 192 +MNPO L4 Si1a 2 55 |4 X e——F5 ynpor W TPITMNPC DIT] v
27 960
X5 X,
A\’ n N
Y3
Ca
4
~ %5
(Independent of n) (Eratgmendent o)
Van
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Emergent Potentials

-Type II on a CY threefold-
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Emergent Potentials

-Type II on a CY threefold-
L[ , o?
. 4d EFT: S4d3ﬁje_ P Y (F) ANXF)+4g, FIAXF)) eh = ——
Kj Y
Ssq D 4—K2[ V:(F) AXF)+ F? A %F?)
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G > G
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Co - ’ Cy
Tower: W3</2X3 )
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273 -
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Emergent Potentials

-Type Il on a CY threefold-
1 _4 0 0 b ¢ e’
. 4dEFT: 8,0 — | e™*% 7 (F) A xF) + 4 g,, F{ A %F}) e =
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1 2 0 0
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Emergent Potentials

-Type Il on a CY threefold-
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Emergent Potentials

-Type II on a CY threefold-
4d EFT: S,, D i[ et 7 | FOAXF) + Fé A %*F? e = !
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S : V2 (FOANXF) + F& A %F¢ 1/3
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Emergent Potentials

-Type II on a CY threefold-
1 o9
AdEFT: S, 0 — | e * . 7 [ FOA %FV + Fé A %FP e =
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1
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Emergent Potentials

-Type II on a CY threefold-
¢
4d EFT: S,, D i[ e Y | F) A XF; + F{ A XF? et = <
* 4K2 5213 \/7
1
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X S! I
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Other Results

» Computations of species scale in all other 10d string theories
stringy tower

> Emergent dilaton metrics for

 6d F-theory on elliptically fibered CY;
string limit (D3 on 2-cycle dual to weakly coupled heterotic string)

> Emergent gauge kinetic function from emergent

[Lee, Lerche, Weigand 18]
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Other Results

» Computations of species scale in all other 10d string theories
stringy tower

> Emergent dilaton metrics for

 6d F-theory on elliptically fibered CY;
string limit (D3 on 2-cycle dual to weakly coupled heterotic string)

> Emergent gauge kinetic function from emergent

[Lee, Lerche, Weigand 18]

Summary

> Need to characterize all the towers in the EFT

* Species scale as QG cutoff

* Careful analysis of light objects and their corresponding field content

* Emergent kinetic terms obtained for scalars and also p-forms (including (d-1)-forms
Potentials)

>
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Backup slides
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Emergence

-Loop corrections-

p /”ﬁ\ p
— Y= 2g26M [ di¢g 4 2
ANNANANANAN NANANNANN —_ ~ — —
A, Ny A, s " 6 (2”)dd(£2+m,%)3
~ -
q—
dn
/N - 2%% 5;11/ Ad* d>4
1 2d/2q2 6ﬂyJ 3 A2
—| ~—== - d4¢ >l~v —g25, log| 1+— =
g ) 6 (f2+m’%)2 4y uv g mr% d=4
4~ \N - 272 md d<4
d (£2+ m32) |
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