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Gravitational theories S[g] = | d“x,/—g Z(Riem, V) with second-order equations on g, (X)dx"dx" = q,,()dy“dy® + (y)*y,(0)do'dd’

J

S[g] o = S,lq. 0] = szy, [=q|hy — hs O @ + hyR*P — 20,0, [([Op)* — V, Vo V'V0||, ¥ = V,9 V@ 2D Horndeski theory
8\4,9

a = h2 +)(0(p(h3 — 20(ph4), ﬂ = )(a)((h3 — 20(ph4) — a¢h4, w = a%a — awﬂ — zﬁfa) =0->a= aq)Q, IB — 6)(52 [Boyanov & Carballo-Rubio 2025, Carballo-Rubio 2025]

Z(Riem, V)

v

@ =0 ©:d > 4 general quasi-topological gravity (QTG) @ # 0
[JB & Carballo-Rubio 2026, JB 2026 1] [Mazza 2026]
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k . n
D d > 5 polynomial Z(Riem) QTGs incl. Lovelock (only GRin d = 4) — Q(¢, y) = ¢! Z (xn< 2)( Zurs = =5 j’(l”)“ g (:2 yZ1Znsa+ 31(;; g 4)1)222n+3
n — n —
[Lovelock 1970, Oliva et al 2010, Myers et al 2010, Dehghani et al 2011, Cisterna et al 2017, n ¢ (n+3)(n+4) - =
Bueno et al 2019-26] ~ Sn(n+ 1)D(D — 1) 3+
O d = 4 non-polynomial £ (Riem, V) QTGs — Q(o, eneric 1 Tes TpsZos -1
pO%Y ( ) (@208 2Rt IOZIRZ(? + 2T Tcs 2472, [42c2Tvove — Ivezver)

[Bueno et al 2025, JB & Carballo-Rubio 2026, JB 2026 1, Colleaux 2026]

Reversely: [JB & Carballo-Rubio 2026, JB 2026 1, Colleaux 2019]

Vg, odd>4S[g]l: Slg] = Sylg, ] — Generic 2D Horndeski theories are reduced d > 4 gravities.
8(q.9)



Birkhoff theorem for general QTGs + reconstruction of QTG vacuum solutions

Birkhoff theorem for general QTGs: [Carballo-Rubio 2025, |B & Carballo-Rubio 2026, JB 2026 1]
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}/ijéliéi = 0 — offshell Bianchi identity: V/&,, =0

gﬂy(x)dxﬂdxy = — n(t, r)zf(l‘, l’)Cl’l‘2 + -+ rzdﬂz — ¢(y) =7, )((y) :f(t, r) — e.0.m.: 0tf = (), arn =0, %Q(r, f(f‘)) =0

t, 1)

General QTGs have g,g,.. = — 1 static vacuum solutions with Q(r, f(r)) = 2M algebraic equation.

Examples of d = 4 regular black holes
with Q(r, ) ~ rPh@y), y = (1 = )7’

H
Reconstruction of QTG vacuum solutions: [Boyanov & Carballo-Rubio 2025, Carballo-Rubio 2025, JB & Carballo-Rubio 2026, JB 2026 1] ;Zp) - f(;\l =
1—1249)  r34+2MI2
. 61 ___2Mr?
1. f(r,M)— M(r,f) = Q@,y) :=2M(@,y) = h(Q(@,x) = Sylg, p] — (g, @): 2D solution to Sylq, @] V1—142 R WY VE

~Sm[1-2y][1- 5 (1-e %)

2. Sulg, 9] = Sprglgl — g: d-dimensional vacuum solution to Syr¢(g] § arctanh(126) |1 — 7 tanh (2 %lz)

Generic g,.g,. = — 1 static spacetimes with mass M are d-dimensional vacuum solutions to a general QTG.



Application 1 — Unified g,g,. = — 1 black hole thermodynamics from general QTGs

2 2M d-2)Z,,
J(r) =k + 2 T a5 + o = Mypy = 2M — identification: (7, f) := M,p), — s.t. 0,£2 + 9,Qf" = 0 onshell

Realisation offunctions hi in S H[q , qﬂ].‘ [Boyanov & Carballo-Rubio 2025, JB & Carballo-Rubio 2026]

9.2) = 3, Q1) Il ) = C 5,01, hi(po) = — e | oo, 000
2P X) = d—2)%,, ¢ P ) TB\P> ) = d—2)%, , P X) u\P,x) = d—2=%,, PO, Y

Thermodynamic first law: [JB 2026 2]
(7 1 0, 8ry) 1 A d—2)X,_

M=Q(r+)’ T:f( +) = — b " , S:—Z]‘[# dd_z)(f\/%[ ]€/M/€,OG= ( ) d 2h4(r+)=—4ﬂ[dr+@fﬂ(r_l_) —>
47 4z 9L2(ry) o 167Gy O0R,, )5 4G,

oM = ToS

First law can be derived for generic g,.g,. = — | asymptotically flat or AdS (singular or regular) black holes when realised as vacuum

solutions to a general QTG.



Application 2 — Formation of inner-extremal regular black holes

f

Static inner-extremal reqular black holes: [Carballo-Rubio et al 2022] A

i 1
K_= > f'(M,r)| =0 — nomass inflation

' J/> r

Vaidya solutions of 2D Horndeski theories with @ = 0: [Boyanov & Carballo-Rubio 2025] oo o _—

M®») M®) . d
T, = = V0 v < 1ty = 2 0,vo,y — eom.: pno, f=2M, d.n =0, Eﬂ(r, fv,r) =0 — Q(r, f(v,r)) =2M(v)

Reversely: Generic f(M(v), r) are Vaidya solutions to general QTGs.

Asymptotic gravitational collapse into inner-extremal reqular black hole from horizonless compact object: [JB 2026 3]

| .
K_ = 56,, JMw),r)| =0, M(v) — co — deformed metric f with deformed approximate-extremal inner horizon 7_




Application 2 — Formation of inner-extremal regular black holes

(r = M)’ (r — 2M()+M(v)* 1L

4 — M) + 22 M(v)22 = 2 M(0)3r + —= MY+ M(v)* =1L

[JB 2026 3]
fM©), r) =

CLZq/3
~ 1—qg/3 =~
r_=r_+0WM ), K_ Y

Example: g = 4
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r/Lp1
limiting-curvature spacetimes
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Sumnrary Application 3 — Non-singular cosmologies

[JB & Magueijo 2026]

FLRW ansatz:

dr?
q.,,(V)dy?dy’ = — dt* + a(z)?

X qp(y) — CZ(T)I", )( — Vagovago — 1 — (kz—l—dz)rz —_ here:k p— O, [/j —
r
equarions oy moriomn. . = —
q D> X)P 4 d—2d—-1)

p=0 p=—Wd-1)p+pH p=wp

three qualitatively different non-singular scenarios in UV
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Application 3 — Non-singular cosmologies

[JB & Magueijo 2026]

de Sitter asymptotic universe bouncing universe Minkowski asymptotic universe
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