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Motivation



Why a flow?

Asymptotic safety Gradient flow
e power divergences e finite flowed operators
e MS is blind to them e lattice «» perturbation theory
e want: symmetry-preserving scheme e CDT / EDT

with power divergencies

Ricci flow: the diffeomorphism invariant candidate.

First step: perturbation theory.
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Intuition



What the Ricci flow does
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From geometry to a quantum field

SEHI—K%L(\/ER, A=0

classical quantum g, = g + hu
_ ~ ~ ~ a2
Ry, =0 = 08 =0 Othuw = azhwf = hu(t,p)=e ” hu (p)
stationary solutions of the flow damped: p* > 1/t
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Perturbative solution



Solving flow and QFT together

Expand the flow equation in powers of EW:

Ochy = %Ry + EQ[H, ] + 0(h3)
Iterate, with K(t,p) = et :

R (£,9) = K(2 ) by ( /dsK (t = 5,p) EQ) [h(s), h(s)] (p) + ...

= ordinary perturbation theory for h,, at t =0
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Equivalently: a (d + 1)-dimensional field theory

S = Sen+ / dt / 2 [ehy + 2R — 2009, F,)
0 X

t: extra, artificial dimension

frv. Lagrange multiplier, tensor density

flow gauge fixing IC_H = 8”/A1W + ﬁoaﬂiﬂ’p

invariant objects: independent of «y, 3y
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Feynman rules

Propagator Flow line Flow vertices
() e (t+9)p? (LRY ~ 0(t — 5) e~ (t=9)F" Lhh, Lhhh
p2
9
[ o _>

8/24



BRST symmetry

5(//;/w) = ﬁu C/\-1/ + ﬁuéu 5([/“/) = (ap(,jp) ZNV + C/\'ﬂﬁpi_\lﬂ’
s( AM) == (:"’@M(fp _ 2(@/3(_“‘(#) [u)p

e gauge fixing — BRST, as in pure gravity
e flowed ghosts ¢ needed — but never contribute

o density = the (9,C) term
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Renormalization




Liischer & Weisz

QCD:

e flowed gauge field observables: no operator renormalization

o flowed fermions: multiplicative only

Ingredients:

e power counting in d + 1 dimensions

e BRST symmetry

Let us do the same for gravity.
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Bulk vs. boundary

lines carry e~ finite only through a one-loop subdivergence

No bulk counterterms. Counterterms only at t = 0.
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What symmetry allows

e power counting

e counterterms must be BRST invariant

One loop:
gravity sector flow sector (at t = 0)
R?, R.,R* "R, , [R
bsorbed b 1 ~,¢ 1 ~, 4
o i, I,
g;u/ — gpu ot ﬁ [C].Rg[,bl/ ol (&) R/J,l/] \/E g
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~ ~

Mapping L onto h counterterms

h L h
——
[[ counterterm
h L h
LI divergence n —

E?‘l counterterm
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~ ~

Mapping L onto h counterterms

h L h
— =
[Z counterterm
h L h

LI divergence n —

E?‘l counterterm

fniv, — IR, "R
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Everything is an initial-condition renormalization

Oy = —2R, + (gf.) + () [21R g + 2R 0]

. . R Gn
— g,u,y(oa X) = 8uv + legp,y + Z2R/1,u ) 8uv — 8uv + E [Cle/w + & R/w]

. Gn (L N
= 5g,u,y = E [Clep,y + CQR/J,I/]
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Everything is an initial-condition renormalization

Oy = —2R, + (gf.) + () [21R g + 2R 0]

N . . G
— g,u,y(oa X) = 8uv + legp,y + Z2R/1,u ) 8uv — 8uv + ﬁ [Cle/w + & R/w]

. Gn (L N
= 5gp,y = E [Clep,y + CQR/J,I/]

v~ all flowed observables at two loops: renormalized by &, & — redundant operators only.
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How we computed




Toolchain

[Usovitsch et al. 2017]
[Klappert et al. 2019]

— Kira /Firefly

qgraf

tapir / exp

FORM

[Nogueira 1993]

[Harlander et al. 1997]
[Gerlach et al. 2022]

[Vermaseren 2000]

ftint

[Harlander et al. 2025]
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What we computed




Flowed observables

Zy: quantum volume Zs: quantum curvature 0¢Zy = —TIp (check)
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Two-loop results

I,\/Ts 3Gn Gy
At

1231

ZMS N ] N [ 4 931
t R" 77] |: +7 (5 'u,t+9|n3+120):|

2t
gy = |n/L2t + e

. P2 52
also: R R,

s R?, ROR — same counterterms, gauge parameters cancel
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A scheme for Newton's coupling

Flowed-volume scheme, to all orders:

Vs = 710
3G, 5G
— IEYS = _Fth [1 — lhrﬂ (u-independent)
4t
SR
gre(1) 328 |,
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A non-Gaullian fixed point

015
Bre = 2grF (1 — 2 grF)
0.10
® grr = 4/5 vfBrrp 005}

e perturbative regime

0.00
o 0=2 /
-0.05F 1
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Summary




Summary and outlook

Summary Outlook
e Ricci flow: diffeomorphism invariant e higher orders
UV regulator e AN#£0
e flowed Feynman rules, BRST invariant e coupling to matter

e Renormalisation

o grr with a NGFP
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Discussion




Discussion

1. Which flow? A # 0, normalized, ...
2. Counterterms on the lattice — automatic or tuned?

3. Which coupling?  what else can we extract?

What else?
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From geometry to a quantum field

Sen=—%/8R A=0

classical quantum g, = Zuw + huw
— A~ ~ A~ 2
R‘U‘y = 0 = atgﬁy = 0 ath,uy - azh,u,ll = h,uu(t, P) =€ = h,uz/(p)
stationary solutions of the flow damped: p* > 1/t

Discussion #1

A # 0: normalized flow? Which flow goes on the lattice?
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Everything is an initial-condition renormalization

atg;tu = _2"%;411 = (gf) + (5( t) [21Rg;u/ r 22 R;UJ]

. . N Gn
— g,uu(oa X) = 8uv + leg,uu + Z2R[Ll/ ) 8uv — 8uv + E [Cle,uy - @3 R,uu]

. GN [, R
= 5g,uu = E [Cle,uu + C2R,uu]

v~ all flowed observables at two loops: renormalized by &, & — redundant operators only.

Discussion #2

What would that mean for the lattice?
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A non-Gaullian fixed point

015
Bre = 28rr (1 — 2 gre)
0.10
® grr =4/5 VBrp 005}

e perturbative regime

0.00
e =2 /
-005 ) ) ) ) 1
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Discussion #3
Other coupling definitions? What other physics can the Ricci flow give us?
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Backup: conventions

2
SEH:—?/\@R, k2 = 327Gy, A=0,
g;LV:6MV+huV7 gMV:6Mu+EMU7

v o 1 7Y
FM:(‘? huy+/36p 8ﬂhpg, ng:‘/xw(sl F,u,Fl/7

K2

’Pl“,pg(p) = ? ((5#@(50) d_ 26MV5PU> for a = —2ﬁ =1l



Backup: counterterms and scheme

.ms 1071 w5 4071
G =S ==, ===
30 ¢ 2 30 ¢
g=e"qefn gfn—10L,, +18In% 1231 _ gfin

A fin

&' arbitrary



Backup: general v

t
= —— G =2 1-5
gre(p) = —5 Tp e Bre = 2grF (1 — 5vgrF)
1 GN 2 2
poo S 1
BRF = 5, it 3vgrr + 150°gxr +

perturbative fixed point: v 2 1/5 —  perturbative conversion: v <1/4 — =2 for any v
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