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Outline

• Cosmological tensions

• Response: a top-down approach, based on anomaly cancella7on in string 

theory

• Non-renormalisable effec7ve theory: the FRG approach

• Singularity of the beta func7on of the effec7ve theory

• Trunca7on artefacts

• Possible generalisa7on of the model which can also  address trunca7on 

issues



Cosmological tensions
ΛCDM — the standard model of cosmology

Λ  cosmological constant
CDM  cold dark ma<er  +  ordinary ma<erot

SUCCESSFUL (predicts CMB, abundance of light elements) — BUT  tensions

H₀
Hubble constant: CMB vs distance ladders
a 5.3σ effect  67-68 km/s/Mpc, 73-74 km/s/Mpc

S₈ (DESI 2024-2025)
Clumpiness of space-time compared with 
predictions from CMB data 2.2σ  effect

Whatever drives the late 5me expansion changes with 5me



Response to the tension
Not dark energy — repulsive gravity.   Go to a top-down model.

STRING MODEL
e.g. hetero?c  E₈ × E₈  (internal dimensions gauge degrees of freedom),  or type-II orien?folds with 

intersec?ng branes stacks

FIELD CONTENT
axion field  b, metric  gμν, gauge fields

The axion is a necessary introduc?on, to remove gauge anomalies in 10 dimensions

↓  Green–Schwarz mechanism

Compac?fy to 4 dimensions: Bμν  is the Kalb–Ramond field is a 2 form B



Anomaly cancellation and the coupling
Naively Field strength H=dB, Hμνρ = εμνρσ ∂σ b (dualisation); b is a pseudoscalar axion

Astr b R R+ (gravita7onal) , b F F+ (U(1) gauge field)

The axion coupling (decay constant): Aₛₜᵣ  ∼ (αʹ/κ) · √(2/3) · 1/96  ≡  ḡ

where  αʹ ∼ Mₛ⁻², κ ∼ Mₚₗ⁻¹ — the axion coupling is locked to gravity: makes KR axion special

String theory potentially allows  N > 1  U(1) fields through
e.g. reduction from E8xE8 to standard model group; assume gauge field has not 

acquired mass

Anomaly cancella+on



The model

S  =  ∫ d⁴x √g  [ (Z_b/2)(∂b)²  +  (m²/2) b²

+  ΣJ=1..N (  (Z_F/4) FJμν FJ μν +   (i Aₛₜᵣ/4) b FJμν FHJ μν )

+   R / 2κ²      ]

g is the determinant of the metric. The factor of  i  is forced by the Wick rotaHon to Euclidean

𝐴! 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑁 𝑔𝑎𝑢𝑔𝑒 𝑓𝑖𝑒𝑙𝑑𝑠 𝐹"#! = 𝜕"𝐴#! − 𝜕#𝐴"! , 4𝐹!"# = $
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b couples to all the U(1) from Green-Schwarz mechanism
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Is there a single ZF?
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With  SN  a consistent trunca/on: if all the Green-Schwarz  couplings 
are equal, symmetry preserved under the flow

Can show:
Important
for large N

behaviour:

𝜂, ∼ 𝑁𝑔%.

𝜂- ∼ 𝑔%.



Non-renormalisable → the FRG 
approach

A generalisa1on of axion electrodynamics (Eichhorn, Gies & Roscher, PRD 86, 125014 (2012))

[ Aₛₜᵣ ] = −1 → non-renormalisable. FRG approach, axion decay constant locked to gravity.
(C. WeJerich, Phys. LeJ. B 301, 90 (1993))

LPAʹ: g²  ≡  k² ḡ² / ( Z_b Z_F² )

∂ₜ g²  =  ( 2 + 2η_F + η_b )  g² 

η_X  ≡  − ∂ₜ log Z_X , t = log k

g is not to be confused with the metric determinant.



Two coupled equations for the η’s

η_b  =  A ( 2 − η_F/4 )

η_F  =  A ( 4 − η_b/4 − η_F/4 )

⇒ M ( η_b , η_F )ᵀ  =  S

Denominator = det M
det M = 0  ⇔
g² = 192π² ( 1 ± √5 )

∂ₜ g²   =   2 g²  ·  ( 13 g⁴ − 8064 π² g² − 147456 π⁴ )

( g⁴ − 384 π² g² − 147456 π⁴ )



Should you believe that pole?

g²sing = 6.13×10³ ; numerator = 0 gives fixed points at 0 and g²∗ = 6.30×10³

• Coefficients are scheme dependent — change the regulator and the pole moves
• Near the pole η_b ≈ 88, η_F ≈ −45 — the derivaYve expansion is not good



Truncation artefacts

Near the pole
η_b ≈ 88, η_F ≈ −45
The derivaDve expansion is not good.

Proximity
The fixed point is 2.7% away from the 
pole.
Suggests it may be spurious.

One way to check
go to higher orders in the deriva1ve expansion — or find a limit in which the whole 
structure is under control. 

We consider another way



A controlled limit
1 axion, N gauge fields: N = 1  →  N ≫ 1

( i ḡ / 4 )  b  ΣI=1..N FIμν  FKI μν λ = N g²  fixed, N → ∞

Similar in spirit to the 't HooK limit  (G. 't HooK, Nucl. Phys. B 72, 461 (1974)) although significant  differences

Diagram counting

η_b  =  O( λ )
axion self-energy — index summed

η_F  =  O( λ / N )
photon self-energy — no sum

IntegraYng out the N gauge fields is exact power counYng: N ( √(λ/N) )n =  λn/2 N1−n/2 for n axion legs

n = 2 is O(1);  quar-c and higher axion self-interac-ons are suppressed by 1/N, 1/N², … see next slide



Power counting:  V vertices,  L loops
• Each vertex carries  g = √(λ/N).
• Each closed gauge-index loop carries a factor N — the index is summed. Call the 

number of these P (P ≤ L; axion loops carry no index).

amplitude  ∼ ( λ/N )V/2 NP =   λV/2 NP−V/2

Every index loop needs at least two ver:ces, so P ≤ V/2 ⇒ nothing exceeds O(1).
Equality ⇔ every index loop is a two-vertex bubble ⇒ the leading set is chains of bubbles.

diagram V P order

axion self-energy 2 1 λ

photon self-energy 2 0 λ / N

n axion legs  (Tr ln) n 1 λⁿᐟ² N¹⁻ⁿᐟ²
chain of n bubbles 2n n λⁿ

vertex correction 4 1 λ² / N



The pole is a 1/N effect

det M  =  1 + O( 1/N )
No pole.

Further analysis gives  (Mavromatos & Sarkar, in prepara-on)

β_λ  =  2Cλ  +  Dλ²/48π²
a RiccaY equaYon — soluble in closed form. The only zero is at λ 
< 0, so it is unreachable: every HermiYan trajectory runs away. Hermitian branch

Single 𝑍-: without 𝑆*, the spliUng is 1/𝑁
suppressed.
So the single-𝑍- picture is recovered at large 𝑁
without invoking any permutaWon symmetry at all



The 𝒫𝒯 branch

𝒫𝒯: λ → −λD ⇒ G → −G

UV fixed point at  λW∗ = 96π²
η_a∗ = −2, so  b F Fc is exactly marginal; one 
relevant direcYon survives once shid symmetry is 
imposed.

Caveats
N ≫ 1 is not a consequence of string theory. 
Regard this as a model with control — a laboratory, 
not a claim about the world.



Gravity effect:

In the large-𝑁 limit 𝜂- does not vanish outright: 𝜂- = −𝑐.𝑔* + 𝑂 1/𝑁 . 

𝑐. is the standard Einstein–Hilbert coefficient for a minimally coupled vector

gravity couples universally, so the surviving 
piece is common to all 𝑁 factors. 

Gravity is enslaved to the axion coupling

Unsolved what happens to the gravita5onal coupling with nega5ve sign in FRG.






