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Consider the action:

S = M2
Pl

∫
d4x

[
gϕϕ ∂

µϕ ∂µϕ +
∑

n

(
1
2
∂µhn ∂µhn +

1
2

m2
n (ϕ)h2

n

)]
, with mn(ϕ) = n ·m(ϕ)

Expand mn(ϕ) −→ triple vertex: (mn(ϕ) ∂ϕmn(ϕ))h2
nϕ

Integrate out hn below the cut-off scale of the theory ΛUV
[Grimm, Palti, Valenzuela ’18; Castellano, Herráez, Ibáñez ’22]

δg1−loop
ϕϕ

ΛUV≫mn−−−−−→
ΛUV/m(ϕ)∑

n=1

n2(∂ϕm(ϕ))2 ∼
(

ΛUV

m(ϕ)

)3

(∂ϕm(ϕ))2

Lesson: if hn really light, δg1−loop
ϕϕ dominates and the kinetic term arises from quantum effects
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Goal:
Find a string theory setting in which the entire effective

action emerges in this way.



Swampland Distance Conjecture [Ooguri, Vafa ’06]

At an infinite distance point in the moduli space an infinite tower of light states
appears with masses scaling as

M(ϕ) ∼ M(ϕ0)e−αd(ϕ0,ϕ) .

Species Scale [Dvali ’08]

The UV cutoff in the presence of many light species:

Λsp = M (d)
Pl /N

1
d−2
sp

[Long, Montero, Vafa, Valenzuela ’21; van de Heisteeg, Vafa,
Wiesner, Wu ’22 & ’23; Castellano, Herráez, Ibáñez ’23; (Basile),
Cribiori, Lüst, Montella (’23) ’24; Bedroya, Vafa, Wu ’24; ...]
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Emergence Proposal [Palti ’19]

The dynamics (kinetic terms) for all fields are emergent in the infrared by integrating out the states down from a UV
scale, which is below the Planck scale.

→ Many works: [Grimm, Palti, Valenzuela ’18; Heidenreich, Reece, Rudelius ’18; Castellano, Herráez, Ibáñez ’23; Casas, Ibáñez, Marchesano ’24;

Blumenhagen, Gligovic, Paraskevopoulou ’23; Lee, Lerche, Weigand ’21; Calderón-Infante, Delgado, Uranga ’23; Calderón-Infante, Delgado, Yi, Lüst, Uranga ’25;

Marchesano, Melotti ’22; Anastasi, Angius, Huertas, Uranga, Wang ’25 ...]

M-theoretic Emergence Proposal [Blumenhagen, Cribiori, Gligovic, Paraskevopoulou ’24]

In the isotropic decompactification limit to M-theory, the entire effective action emerges via quantum effects by
integrating out the full infinite towers of states with a mass scale not heavier than the species scale.

→ Evidence: [Blumenhagen, Cribiori, Gligovic, Paraskevopoulou ’23, ’24; Blumenhagen, Gligovic ’25]

→ F 4-coupling in Heterotic/Type IIA dual theories in 6D
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Strongly-coupled type IIA↔ M-theory on a large S1

Compactify type IIA on a K3 (T 4/Z2) down to 6d

Theory dual to heterotic string theory on T 4

[Sen ’95; Witten ’95]

1/2-BPS particle content:
D0-branes, wrapped D2-branes, wrapped D4-branes

→ Isotropic decompactification M-theory limit:

R11 → λR11 , M∗ → λ−
1
5M∗ , Ri → λ

1
5Ri (λ→∞)

→ Species scale:
Λsp → λ−

1
5Λsp ∼ M (7)

Pl
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Light states: D0-branes and wrapped D2-branes

Heavy states: wrapped D4-branes

Look at the 1/2-BPS protected term F 4 in the 6d
effective action
[Kiritsis, Obers, Pioline ’00]

AF4 ∼
∑

BPS states

∫ ∞
0

dt
t2 e−

π
tM

2

Explicit cancellation of the contributions
involving wrapped D4-branes

→ Entire term obtained from a one-loop integration of the
light states

→ Novel mathematical property

ESO(4,4,Z)
V ;1 ∼ ESO(3,3,Z)

V⊕1;1
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Takeaways:

Emergence has concrete realizations in effective actions

Light towers of states, predicted by the Swampland Distance Conjecture, can generate full
terms in the low-energy action

Spacetime emerges from quantum effects (Einstein-Hilbert term)?

Results:

One-loop effects from integrating out light states (D0-branes and D2-branes) generate the
entire F 4-term in 6d heterotic/type IIA compactified theories

New mathematical property of a string theoretic amplitude

→ M-theory is the natural candidate for an emergent description of quantum gravity

What more can we learn about its microscopic description from these principles?
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Thank you!



Coupling:

AF4 ∼ ESO(4,4,Z)
C;1

ESO(4,4,Z)
C;1 = π

∑̂
nij ,m,nD4

∫ ∞
0

dt
t2 δ(BPS)e

−π
t

(∑
i ,j
(nij ri rj)2+(m/r11)

2+(nD4 r11 vT4)
2

)

n12n34 + n13n24 + n14n23 + mnD4 = 0

Duality:

(m1;m2,m3,m4;n2,n3,n4; n1 ) = (m;n12,n13,n14;n34,n42,n23; nD4 ) .

Instanton expansion:

AH
inst = 2π l2HVH

4

∑
N>0

∑̂
Cij |BPS

e−NSinst(C⃗)

Sinst(C⃗)
, Sinst(C⃗) :=

√∑
i<j

ϑ2
ij C2

ij

BPS-condition: C[ijCkl ] = 0

# winding numbers # worldsheet instantons

1 1, 2, 3

2 1, 2, 3, 4, 5

3 2, 3, 5, 6

4 3, 4, 5, 6
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An example:
AH
(EF112,EF113,EF123)

= A[n1,n2] + A[n1,n3] + A[n2,n3]− 2A[n1,n2,n3] .

Scalings:
gIIA → λ

6
5gIIA , lIIA → λ−

1
5 lIIA , g(6)

IIA → λ
2
5g(6)

IIA , RIIA
i → λ

2
5RIIA

i

gH → gH , lH → λ
1
5 lH , g(6)

H → λ−
2
5g(6)

H , RH
2,3,4 → RH

2,3,4 , RH
1 → λ

4
5RH

1 ,

Type IIA K3× S1 with M (5)
Pl fixed⇒ Light states: D0’s, wrapped D2’s and wrapped NS5’s

RH
5 =

1
gIIA

√
RIIA

1 RIIA
2 RIIA

3 RIIA
4 RIIA

5 , (m5,n5)←→ (m5,nNS5)

For example: AH
EF115

= A[n1] + A[n5]− A[n1,n5]

EF115 ←→ ED4 EF1i5 ←→ ED2
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