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Motivation

Can we understand the macroscopic behavior from knowing the microscopic interactions?
When do we need RG? see hydrodynamics
Many scales are important, e.g. critical phenomena

Landau ¢* model

describing the ferromagnetic behavior with free energy

1 1
F=V|[Z 2 T 4
(292¢ -+ 24g4¢ )

¢ — magnetization, V' — volume, g2 and g4 — parameters.
ga >0
g2 > 0 trivial minimum
g2 < 0 nontrivial minimum at ¢

it can describe the phase transition but the exponents are wrong.



Motivation

— an improve: Ginsburg-Landau theory, ¢(x)

P [ (96 + 20260) + Sz16' (@) — 3(@0(o) )

24

—new terms: kinetic energy, source
— higher orders in ¢ and V (gradient expansion)

it does not help:
— the improvement modifies only the small fluctuations

solution
— we introduce scale dependent g2 and g4

p=[a (<v¢<x>>2 L a(0)62(0) + g4<k>¢4<x>—g<x>¢<x>)

k actual energy scale
— 1t gives correct exponents



Motivation

The renormalization group method is useful in many areas in modern physics, with varying

energy scale
UC: 10~ 7 meV, ultracold atoms

CM: 1 eV for conduction electrons in solids
origin of RG: Kadanoff blocking for spin systems

QCD: 1 GeV for QCD, comparable with lattice simulations
EW: 125 GeV, Higgs particle, electroweak theory
QG: At the Planck scale, at 1012 GeV, we expect the enter of gravity

RG can
map out phase structures of models

find relations among models: global picture of RG



Global renormalization

problem of triviality
immanent vs transcendent

perturbative vs functional RG



Actions

ingredients of RG
QFT
action(s), relations

small parameter

action blocked effective effective average
symbol SA r 'y

variable field average for €2 average for k1
limits limy_y oo 'k limg_,o I'x —

couplings bare - renormalized
RG Wegner-Houghton — Wetterich




Effective action

— action for a scalar field

1

1 g
Sl = [ £ L= 0w - V(©), V(e) = jmie? — Lot
- 2 2 24
— the minimum configuration is at %g =0
P=2¢0
— generating functional (Minkowski)
Z[J] = Wil /D¢i5[¢]+i«1-¢
— the expectation value of ¢ is the classical field ¢, 5—W = (0|¢|0) =
— the effective action is
Llpe] = WIJ] = J - ¢c
— Legendre transform variables J <+ ¢, furthermore
or dl’
= —J(x) if J(x) =0 — ¢. = const, [Pc] =0

Spe(z) dée] |g)



Effective action

— expansion of the effective action with vertex functions
Llpe] = > % /dml o dz, D) (21, -y Tn)be(T1) - - delTn)
n
— gradient expansion (translational invariance — momentum conservation)
Mloe) = [ [FU@e(@) + 5 @pe(a)*Z(Ge(@) + .
— U is the effective potential, if ¢.(z) = ¢ — ['[dc(x)] = —QU (¢¢) and

1
Ulpe) = =3 — T (pi = 0)

— the vertices have connections to the physical quantities

o*U
0ty

02U
D2

r® (p;, = 0) = —m? @ (p; =0)=—i =g

m? : physical mass, ¢ : renormalized coupling constant



1-loop effective potential

— expanding the action around ¢ the minimum of the potential V'

S18] = Slgo] + 1T — 2a- O+ V" (60))

— integration over the fluctuations around the saddle point

W LiS[go] / Dne— 81O+ (#0))n
= S0l det(T 4 V" (60))] /2
— giving
W[J) = Sl6ol + g0 - T + £ TrInl0 + V" (go)]
—relating S{¢c] and S{go], po = ¢dc — ¢1

Sldo] = Slbe— 1] = Sloe] — 61 g—z | o)

Slpo] = Slpc] + O?)

when J — 0



1-loop effective potential

effective action

Ple] = Slée] + LTrinf0 + V" (60)

effective potential (¢, =const.)

Uge) = Vige) = soTrin[0+ V" (60)]

= V(g +3 [ Il + V" (6o)

Euclidean case

U(6e) =V(6e) + 5 | (;i; In {k? +m? - g‘ﬁ

m?2 >0 ¢e.=0

m2<0—>¢2=—6"’”




Effective average action

— effective average action ¢ — ¢
49— [ D] 8(6n(a) - pla))e51

restriction to the integration variable

— the constraint
1

P () = A

/ dyp(z + y)
Vi

1. is the average of ¢ over a volume Vj, ~ k¢
2. transition from the microscopic ¢ to macroscopic ¢

— similarity to the Ising model
Z = H/dsm25(s72n — 1)l 2n 20 snonti
m

— creating a Gaussian model (from discrete to continuous spin variable)

7 = H/dsm2e_%bsgn eK Zn ZZ SnSn4i
m



Effective average action

— scale dependent effective potential
=D — [ Do 8(én(a) — )51
X

— similarly to the Ising — Gaussian models

[T5(¢k(2) — b(x)) — e Jol (@@ =)

— some fluctuations of ¢ around ¢ is allowed in order to guarantee continuous description
— we define a continuous version of the average field

o(x)r = / fr(z —y)e(z), [fr(z) = /2 pd o=k ey
y

— it decreases rapidly if |z — y| > k=1

— in momentum space

o) = fr(@e(@)e "™ g = fr(q)e(q)

q



Effective average action

— fx(q) should obey

0< fr(q) <1

fr(q) <1 for ¢ >0
lim frx(q) =1

k— oo

lim fx(q) =0 for g #0
k—0

— example
filq) = e~ 2@ /¥)"

B = 1 gives the Gaussian curve in coordinate space

— the averaging gives an extra term to the action

2 r2
S — S+ Relel, Rk[@]:%WQ%WQE
k



Effective average action

properties

lim 'y, =T
k—0

the average action goes to the effective action when & — 0

the average action is not convex, therefore it is more suitable to discuss symmetry
breaking (¢g # 0)

lim I'p =S

k— oo
the average action goes to the classical action when £k — oo

if the A dependence cannot be removed (non-renormalizable theories), then
1 1" —2
',y —S = §Tr1n[(S + R)M ™ “]

1-loop type difference, does not vanish



Wetterich equation

— can we derive a differential equation for I';,, which evolves from .S to I'?
— differentiating the modified generating functional w.r.t k

Zy = —Wy[J]em Vel = /D[¢] (_Rk m) e (SA+Ry[9]—T¢)

with * = k0/0k
2
Wi lJ] = 1o twin /Rk (—h(S Wi [J] n oWy [J] 5Wk[=]]> o LWy [J]
2 §J2 0J 0J
2 2
—using ¢ = SVglI) Sk O — 1 and Ty [¢] + Ra[g] — T
— the Wetterich equation is
: 1 '
Py Re 1
2 Ri+ F% 2



Wetterich equation

— gradient expansion
[y = / dlx {Ukwx) + %me)(amxf + Hi1(¢2)(0pa)” + Ha(¢)([¢a)” + ...

— evolution equations

k_§ 2 Y2l
kap +RI<:+Vk;

—if Z1(¢,p) = Zi(¢) = Zj, then

, [ { zy | A2 AR V)
k — - -
2/, "L 022k + Ri + V]2 (02 Z), + Ry, + V)3

Sp2(Zp? + V") + (Zk + 8p27zk)2
(P?Zk + Ry + V}')5
(z}p? +V")* (Zk + 0,2 Ry + 50202 Rk)
(P?Z + Ry, + Vy')
2210 (Z40% + V") (20 + 9,0 Rs)
Fh T

_|_




Wetterich equation

g2n 2n
U, =
S (2n)!¢
— the beta funtions: g; = B;(g;, k)
—1in LPA
(1 R,
wm=a (1]
Bilgi k) = 95 (2 pp2+72k+v,;’> o
Ryga
P2 = _/ 2 2
p (0? + R + g2)
: 6g2
Po = /Rk< 2 - 3 (p2 - 2)
P (p? + Rk + g2) (p* + Rk + g2)

gs

Be = / Rk( 9093 - 309496 —
p

(P2 +Rp+g2)* P2+ Rp+92)% (p2+ Ry + g2)2

)



Wetterich equation

— to get the phase structure and fixed points we need dimensionless quantities
— the action is dimensionless if i = 1:

U ddx(aﬂqs)?} =0

— the dimension of the field variable

—d+2+2[¢] =0 — [f]=—— = ¢= k(d=2)/24
O denotes dimensionless quantities
— the potential is
[/ dda:Uk} =0 — [Uy] =
— its derivative
Uy = kopUgld] = kO (k*Uk[¢)) = dk 0, U, + k(8 $)9;Ux + kk8 Uy,

= dk?0,U + k(0xk ™ 172/2 )0 U + k k0, Uy,

d—2 - ~
= kYd- Tqbagg + kOk ) Uy,



Wetterich equation

— the dimensionless potential is

— the equations for the couplings

d— 2 . -
(d — 2n + kak)QZn — 5271, (gz)
§2n = (_d + n(d - 2))§2n + Ban (§z>
— concretely
g2 = —2G2+ B2(Gi)
g1 = (d—4)ga+ Ba(3:)

g6 = (2d—6)gs + Bs(di)



Wetterich equation

— introducing the dimensionless /3 functions
gi = —digi + Bi(35) = Bi(g5)

— the connection between dimensionful and dimensionless couplings

gi = i gi
dimensionless Wetterich equation
— dimensionless regulator
R
_ 2 I
R - p T? k2 - y,r
P o= =17'(=2y) = R = —2p’yr’
‘ 1 Ry 1 _ —2p2yr’
2 p P —I—Rk—I—Vk, 4 y P —I—Rk—i—Vk

/

1 r
2 y y(1+r)+ V)



Wetterich equation

regulator properties

1. lim R > 0,i.e. removes IR divergences
p2/k2—0

2. lim 7R — 0, the effective action limit
k2 /p2—0

3. lim Rj; — oo, the classical action limit
k2 > o0

regulator form

R(p®) k3R, (p?)
~ 8 —
14 (a) - (b)

12}

1.0}
08

06F

04

02F

L . L ) . 1 ) . L . I . . L 1 — p L
0.0 0.5 1.0 1.5 0.0

L L 1
0.5



Wetterich equation

typical regulators

— css regulator
S1

Tess = 0(1 — soy®)
7 expls1yb/(1 — s2yb)] — 1
where y = p2 / k2,b > 1and sq, so positive parameters
— limits
. 1 by g ...
lim 7ess = — — 52 ] 0(1 — s2y”) Litim
s1—0 ’yb
) 1
lim ress =  —— power law
s1—0,s0—0 yb
. S1 .
Iim 7ress = exponential
520 expls1y®] — 1

— Litim regulator



Wetterich equation

— the Litim regulator is optimized, it provides the fastest evolution
— the evolution of the effective potential Vi (== Uyg) is

1
d—2 - - —=0(1 —y)
d— ——d0: + kO, Vi, = — k:d/ d/2+1_ Y7
5 P9 + kOkVi o yy 11 v
2 1
- d7 Vel
dl—I—Vk

— evolution equations in d = 3

~

By = —2§o — g4
472 (1 + §o)2’

. ~ 3g2

Ba = —ga-+ 4



Wegner-Houghton equation

— the blocking in momentum space, the lowering kK — k£ — Ak of the UV cutoff, is supposed to
preserve the generating functional

7 — /D[¢]e_sk[¢]
— Sk _ A is found by integrating out the modes with wave vector k — Ak < |p| < k
o= Sk—anlel _ /DMG—Sk [6+]

for ¢p(x): |p| < k — Ak, for p(x): k — Ak < |p| < k
— we expand the exponent in ¢

o= Sk—ak(®) /D[w]e—sk 61— LS (6]

— after performing the Gaussian integral we get

e~ MSk—ak(P) — =5k [¢]— 5 Indet S}/ [¢]



Wegner-Houghton equation

— Wegner-Houghton equation

k
Sk [¢] = — 2AkTr In Sl/{: [qb]
— the Tr is performed on a shell of thickness Ak, |q| = k,
Selé] = — Ak [ 8a — ) S o]
2Ak q 1

— usually
S// — D—l — q2 _|_ U//
q q

— after performing the integral we get the WH equation

: 1
U= —§Ozdkd In(k? +U")

— with

Qd 27Td/2
) Qd —
(2m)d I'(d/2)

dd —



WH -

L.

Wetterich comparison

S}, contains the bare couplings at k(= A) and the WH equation can tell their values at
k — Ak, starting from A to 0

I';. contains renormalized couplings at k£ and the Wetterich equation gives I' at £ = 0,
therefore the Wetterich equation gives a chain of effective average actions with different

regulator parameter £

in principle the effective action does not depend on the regulator, however the effective

average action does

the regulator modifies the propagator, therefore the original dispersion relations change,

the regulator dependence is the strongest at k
the regulator dependence should be checked
WH equation — LPA (nonlocality?)

Wetterich equation is compatible with the gradient expansion



Fixed points

— usually no analytic solutions — looking for fixed points
— the fixed point equations are

g;i =0

— we linearize the RG equations around the fixed point and get

Yi = Mijy;
with y; = g; — g; and the matrix
98
M;j; = ?Z
(9gj

. . . -1 . . -1
— after diagonalizing S: S~ My Si,, = 0inSn, and introducing z; = S, " yx
Zi = 8i%;

— 1ts solution reads as



Fixed points

assuming that there is two couplings, the possibilities are (K — oo, UV)

1.

the eigenvalues are real, s1,s2 € R and they are negative, s1,s2 < 0
the trajectory approaches the fixed point, attractive fixed point

s1,82 € Rand sy,s2 >0
the trajectory goes away from the fixed point, repulsive fixed point

s1,S82 € R and with opposite signs
a direction flows into the fixed point, another one is repelled, hyperbolic point or a
saddle point

complex eigenvalues, s1,s2 € C, complex conjugate pairs
if Ns1, Rso < 0, attractive focal point

s1,82 € Cand Rsq1,Rso > 0
Then the trajectory is repelled by the fixed point, repulsive focal point

s1,582 € C and the real part is zero
elliptic point, a specific form of a limit cycle.



Truncation and fixed points

— the d-dimensional dimensionless potential Vj, with Litim regulator V ~U )

3 ~ d—2~_ ~ 2 1
Ve = —dVi + £2—240-V -
k k5 ¢¢k+add1+vé,

— the fixed point equation is \7* = 0, which provides the fixed point potential
— usually V — oo at ggmaa;, but if qgmax — oo then we get a fixed point potential
— we solve the equation with the initial conditions V/[0] = 0 and V'[0], parameterized as

~ 20 1
VIOl =alx) = —
0= ae) = — 52—
3 T T T T T T T T
25 -
d=3
2 = -
GFPata =0 ”
: . & 10 ]
Wilson-Fisher, a < 0 !
1 i
IR, when a — —1? ]
05 —
0 | | | | | | | | |

1 -08-06 04-02 0 02 04 06 08 1
V(o]



Gaussian fixed point

— GFP corresponds to the origin of the theory space, g = 0

— a free theory for massless particles

— the linearization of the flow equations in the vicinity of the GFP
— Taylor expansion of 3 functions around the origin

Bi = —dig; + a;g; + aq;jkgjf]k; ce

— the matrix M 1is
Mi; = —dij + aij

— it turns out that a;; = 0, when ¢ < j, —
s; = —d;

— the eigenvalues are real in the GFP



Gaussian fixed point

—if s; > 0 — d; < 0 then z; — oo implying that g; — oo so the trajectory is repelled by the
fixed point
—1if s; < O then trajectory is attracted by the fixed point

10-1: T T N T T —A 10_1: T L B LS B LS B LS B

102 F E 107? 3 \\\‘\\\ 3

10° F ; 10° ;
1S 107 F 3 i & 10tf 3 5

10° ¢ 3 10° ¢ ;

wl o IRLV _: oo | R UV _:

10—7- L | L | L L | L | L L .- 10—7- . | L | L L | L | L L3

107 107 107t 10° 10* 10° 107 107 107! 10° 10t 10°
R kik \

relevant: increases in the IR, decreases in the UV

irrelevant: decreases in the IR, increases in the UV

asymptotic freedom: all couplings are relevant in the GFP

asymptotic safety: all couplings are relevant in the NGFP



O(N) model

usage of d-dimensional O(/N) model
N =0 polymers,
N =1 liquid-vapour transition, or uniaxial (Ising) ferromagnets,
N =2 He? superfliud phase transition,
N = 3 Heisenberg ferromagnets,
N = 4 chiral phase transition for two quark flavors.

The 3d O(1) or 3d ¢* model with power law regulator (R = p? (k2 /p?)®)
atb = 1 (R = k2, Callan-Symanzik)

fo = 25— —
- ~ 392
Ba = —ga+ 4




O(N) model

— fixed point equations: 32 = 0 and 34 =0
— the model has two fixed points

the derivative or stability matrix

2 94 _ 1
M — 167 (1+g2)3/2 8m(1+52)1/?
- . 9§2 —14+ 394
327 (14-§2)°/2 8m(1+g2)t/?
GFP: g5 = g5 =0

Y -2 0
§X=0,GF=0 —
9o gy 0 1

SO sy = —2and so = —1

Wilson-Fisher fixed point (WFFP): g5 = —1/4 and g = 231

_ 3 1
M~* B — 3 4\/§7r
g2:—1/4,g4:2\/§7r —4\/§7T 1

— giving s1 = —2 and s2 = 4/3, a saddle point or a hyperbolic point



O(N) model

WFFP appears in ¢+ model in dimension 2 < d < 4

when d — 4 then the WF fixed point tends to the origin and in d = 4 it melts into the
GFP

for the critical exponent v, v = —1/s1 = 1/2, mean field

the 3d ¢* model has two phases, (¢ <> —¢) is broken

14 -

10 | .




The 2d sine—-Gordon model

— its effective action contains a sinusoidal potential of the form

Iy :/[§(8M¢)2—|—ucos¢]

where z is the field independent wave-function renormalization and u is the coupling.

— the RG evolution equations for the couplings are
: 1 :
u = =P / RG
2 p
. 1 - 1" ~2 2 12, 2 Iy 3
z = 5730 R|-Z7"G* + gZp—I—éLZV G
p

2 z!
9 |:V///2 <3p2P i ap2a2p> + EZ/pzvmaPQ P:| G4

8

dp2 V///Q 8p2 P2 G5i|

_|_

withG =1/(2p>2 + R+ V"), P =2zp*> + R
— projections: P1 = f¢ cos(¢)/m and Py = f¢ /27



The 2d sine—-Gordon model

Symmetries
Z2
periodicity

— the conditions imply that the the effective (dimensionful) potential is zero
— what does the RG method say?
— the linearized flow equation in LPA is

with any regulator
— the equation can be solved analytically

k 4z —2

— the fixed point solution is ©* = 0 and z* arbitrary



The 2d sine—-Gordon model

0.1 T T

The SG model has two phases:

0.08

% > 87 <> symmetric phase. The
coupling w 1s irrelevant, the SG model is 6 |

perturbatively nonrenormalizable 15

0.04

% < 8w <> (spontaneously) broken

(symmetric) phase. The coupling @ is %%

relevant, the SG model is perturbatively 0 . .
. 0 0.5 1 15

renormalizable 1/817

How one can distinguish the phases in the model?
—> The dimensionful coupling u tends to zero, but the dimensionless one does not.
This idea can be generalized when we take into account the upper harmonics:

symmetric phase:

Viso(¢) =0
broken phase:
~ = a1 Cos(neg) 1
Vi—o(¢) = 2;(—1) +1T = —§¢2> ¢ € |—m, 7]

a concave function, which is repeated periodically in the field variable.



Local potential approximation

The ’exact’ evolution equation is

. 1 1 T T
G=-2u4 —— [1-V1-a|, ]
2muz 08 L
with a constant z. The fixed points are - 0.6
1 0.4
@ = 1, when 0 < — < 4~m
< 0.2 |
%9 1 1 1
U = — |1— — | when 4n7<—<81 © ' '
21z 8Tz z 0 0.5 1 1.5
1 1/81z
w* = 0 when — > 87
z
Coleman point: ©* = 0 and 2} = 8%

in the symmetric phase the irrelevant scaling makes the model perturbatively

nonrenormalizable

in the broken phase we have finite IR values for the coupling u



Wave-function renormalization

0.1
The linearized RG equations are 0.08
- . L 0.06
v = —2u+ —u, -
ATz
s 0.04
, U
z = - c
2—2/b 0 0.02
- b 2 1 0
withe, = =T (3— )T (14 3). 0.96 0.98 1 1.02 1.04

The RG trajectories are hyperbolas
2 1?2
~2 ~ %2
u = & — — + u 9
(8m)1—2/b, ( 87r>

The correlation length £ is identified as k. ~ 1/£ (singularity points). One obtains

N

1
— 4+ O(a*), furth 12 = kt + O(t?
W + O(u™), furthermore + O(t*)

log £ ~

where the reduced temperature is ¢t ~ z(A) — z5(A) (zs(A) is a point of the separatrix). We get

1
log€é o t™ % | with v = 5 KT type phase transition



Wave-function renormalization

1 1 |
. 0.8 | \ \
The exact RG equations are (b = 1)
0.6 [
A
1 1S
(2 +kdp)a = ] [1 V11— raﬂ 0.4 |
2muz
1 T 0.2 |
kOpLz = —
; 247 (1 — a2)3/2 5
0 0.5 1

1/81z

There are seemingly no fixed points.

Taylor expanding in © we get u* = 0, z (line of fixed points).
1/z < 8w UV attractive
1/z > 8m IR attractive

Rescaling equations with (w = v/1 — @2, x = 1/zw and 8, = w?k0Oy,)

2
Orw = 2w(l—w?)— u(1 — w),
27
1 — w? w2
Bx = 2 “oy(1—w?) + X1 —w)
247 27

We got an IR attractive fixed point at u* =1, 1/z* = 0.




Scheme dependence, IR divergences

we introduce k = min(zp? + R)

for the power law IR regulator R = p?(k?/p?)?, with b > 1 we can calculate k
analytically

the corresponding renormalization scale is

—1/b
E2:bk2< c )1 Y
b1

when b = 1, then k = k

we can remove the dimension of the coupling u by k or by k

B U B U
= — and U = =—.
k2 k2



Scheme dependence, flow of the couplings

104 | | | | | 104 F T T T T T
10° - 10° ]
10° - 10° F §
151072 10t F -
104 F T - 10° 3 E
10° - y 10" _'
i I —
10-8 \ N | N N N \ 10-2 ] ] ] ] ] \
10°® 107° 10 1073 107 107t 10° 10?2 10 10°® 10%  10% 107 10°
k/k k/k
A A
b= 2

the dashed (solid) lines represent the trajectories belonging to the (broken) symmetric
phase, respectively, the wide line denotes the separatrix between the phases

the couplings @ and z scales according to £~ < in the IR region (IR scaling regime exists)
symmetric phase

the coupling @ tends to zero (« is negative and b dependent)

z 1s constant (not plotted) — LPA is a good approximation

broken phase
the coupling u diverges (« is positive and b dependent)

z also diverges



Asymptotic safety

Rescaling:

w=+v1-—a2,( =z2wand 9; = zw?k0Os. a

Orw = 2Cw(l — w2) — (,20_(1 —w), 0.4 :
— 2 L 2\ CU_C . 0.2 i
0-¢ = <2g 247T> (1 —w?) 27T(1 w). L ] ]

0.1 1
1/8Tz

New fixed point can found at z — 0 and @ — 1. The fixed point is UV attractive.

The fixed point of the 2d sine—Gordon model
u* = 0, z (line of fixed points)
1/z < 8w UV attractive GFP
1/z > 8 IR attractive
1/z = 8w Coleman point
u* =1,1/z* = 0 IR attractive
u* =1, z* = 0 UV attractive NGFP

The model shows asymptotic freedom and asymptotic safety.



Asymptotic safety

both in the IR and in the UV limits we get

/&,_>1 1> 0.1

when kK — 1 then z — oo N 0'15_ 00_| R T N TR N I- E

when & — oo then 2z — 0. The kinetic term

tends to zero. Similar appears in the confining T W T T

mechanism. 0.01
107 -10 10 1010 80

The singularities shows up the limitation of the applicability of the models. New degrees
of freedom appear.

IR: low energy limit, condensate

UV: high energy limit, presumably instead of vortices we have single spins

around the UV NGFP we can also identify £ = 1/k. and we get
_y 1
logé o< t v = 2

KT type phase transition. It originates from the Coleman point.



Asymptotic safety

10-2: EERERELERLL EERERELEARL EERERELERLL

N Lol N Lol N Lol N Lo
10”7 10°® 107° 10 1073
1-u

The phase space does not show singularity.

The sudden increase of u and the sudden decrease of z compensate each other giving

regular flows.

around the UV NGFP we have z = (1 — @)3/2



Asymptotic freedom vs. asymptotic safety

asymptotic freedom

asymptotic safety

relevant couplings

finite number

finite number

irrelevant couplings set to zero set to zero

fixed point gaussian non-gaussian

UV limit free, massless interacting

examples ¢ 3d Gross-Neveu
QCD 3d nonlinear sigma

2d sine-Gordon

AS gravity




Gross-Neveu model

Gross-Neveu (GN) model: interaction via a four-fermionic term
the model is asymptotically free in d = 2
in d = 3 the model is not asymptotically free

the Euclidean effective action of the GN model has the form

st vl = [ |2ubidw+ 2By

the dimensionless g from dimensionful g is g = Z;de_Q g. (Zy = 1inLPA), the RG
equations of the GN model is

Bg = (d — 2+ 2ny)g — 4dvglf (0)g?

in the Ny — oo limit

a GFP at g* = 0, scaling exponent s = d — 2

the NGFP in d = 3 becomes g* = 372 /4, scaling exponent s;;y, = —1
it is relevant when d > 2, so it is an UV attractive NGFP

in the case of d = 2 the model is asymptotically free, perturbatively renormalizable



Gross-Neveu model

partially bosonised version of GN model

@ = —du+(d—2+ns)u'p— 2d7vdl(()F)d(2h2p; Ny) + Nif2vdlg(u/ +2pu’’;n0)
withu(p) = > >, %p” and g = h? /)2 the flow equations are (d = 3)
Ao = —2Xa+ ;%hQ + S%hQ)\Q,
PR S R 2h*(2 + A2) — 525 O
32 Ny3m2(1 4+ A2)?
20 ————
15 - ]
G: hé* = 0 and A5, = O, attractive o ol 1
NG: h3f, = 5.764 and A}, = 0.758, NG
: 5L ]
saddle point - §



The nonlinear 0 model

the dynamics of a map ¢ from a d-dim. manifold M to a N-dim. manifold N
analogy with quantum gravity:

nonpolynomial action
the dimension of the couplings are the same
background field RG equations

derivative interactions in the action
1 d aqp, B
§=5C [ d*20u,p" 0" ¢ hap ()

hap is the dimensionless metric, { = 1/ gg, with gg ~ k(2—d)/2
properties:

in d = 2 it is asymptotically free
beyond d = 2 it becomes nonrenormalizable, the UV GFP becomes a hyperbolic

a nontrivial UV fixed point arises, the model becomes asymptotically safe



The nonlinear 0 model

perturbative RG equations

d—2_ R_,

p— —C— s

Byo 590 — ca ;90
1

(4m)4/20(d/2 + 1)

Cd

exact RG equations

they are qualitatively the same

fixed points
GFP: gg =0,sqg =(d—2)/2,ifd > 2
— nonrenormalizable
NGFP: g;2, = (d — 2)D/(2¢4D), s =
2—d,ifd > 2 — UV NGFP — AS

fixed points
GFP: g5 = 0,56 = (d—2)/2,ifd > 2

— nonrenormalizable

NGFP: gf3A, = D(d* — 4)/(4cqdR),
sqg = —2d(d—2)/(d+ 2),
if d > 2 — UV NGFP — AS,
suv = —2d(d —2)/(d + 2),
ifd=3—v=-1/syy =5/6.



The nonlinear 0 model

more terms in the action give more couplings

Bso = —Jo+3dgo(N—2)Qu/22+dji(N —2)Qu/2+1,2,
B = G1+a(N—2)Qqu2z2,
with
Q _ 1 ( (2n—|—2—|—8t)§0 2(2n—|—4—|—8t)§1 )
T @m)d2(n) \n(n+1)(@o + 1)1 n(n+2)(Go + 1)1 )
fixed points

NG: gong =2/57% and ginyg =0,
saddle point (gg attractive, g1 repulsive)

scaling exponents: sygo = —6/5and syg1 =2 —>v = —1/sygo = 5/6.
UV: ¥y = 16/3572 and g3y, = —12/3572,
scaling exponents: sy o = —0.457 and sy = —13.11,

the UV fixed point makes the model asymptotically safe



The nonlinear 0 model

phase structure, d = 3

0.00p

-0.01

1S -0.02

-0.03
-0.04 1 1 1 \\4 1 1 1
0O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
%
go = —gi: singularity limit

two phases

NG-IR trajectory: separatrix
NG: saddle point

UV: UV attractive fixed point

the model is asymptotically safe



Classical gravity

— it 1s one of the fundamental interactions, acts between massive particles. According to Newton

V=g

r

m1, mo masses, r distance, a G Newton’s constant, G = 6.67 x 1011
— anomalous precession of the perihelion of Mercury
— general theory of relativity, its Einstein-Hilbert (EH) action

1
Spy = —— [ d* 2A — R
EH 167TG/ z+/9g( )

— Einstein equation

1

guv ametric tensor, a R, Ricci tensor, g = det(g), T, energy-momentum tensor

— the curvature (or metrics) becomes dynamical variable

— A cosmological constant, A ~ 10~%2m—2



Gravity

AS gravity at the UV scale?
QM + gravity = ?

problem with quantization: the Newton’s constant is irrelevant — gravity is not
renormalizable perturbatively (around the GFP)

we cannot imagine the UV gravity without G
not sure that quantum gravity is renormalizable (e.g. SM, ¢* theory), open question

Causal Dynamical Triangulations and Euclidean Dynamical Triangulations use Monte
Carlo techniques to investigate the phase space of quantum geometries resulting from the
gravitational path integral. Reuter fixed point

alternatively, the Reuter fixed point can manifest itself in (approximate) solutions of the
Wetterich equation



Gravity

— it 1s expected that at the Planck scale

he 19
MPlanck — E ~ 10 GeV

— the general relativity is not applicable, a new guantum gravitational theory arises. There the
quantum (h), the relativistic (c) and gravitational ((F) effects are equally important

— no data at Planck scale — no check

— a possible formalism for quantum gravity: path integral

— the metrics is the dynamical variable playing the role of the fluctuating quantum field

— two problems

the RG scale is defines a certain length, i.e. the blocking steps needs the concept of length

gravity behaves as a gauge theory, the EH action is invariant under coordinate
transformations

0guv = Logur = v°0pguv + (Ouv?)gpr + (0v”)gpp

(Lie derivative along a vector field v#) (physically equivalent configurations)
need a gauge fixing term which chooses certain configurations

— solution: background field method



—how can we define the scale k?
— Laplacian: A = —gt¥ D, D,,
— a set of eigenmodes

ART, = Enh?,, Eo<E1 <BE...

—long range: E,, < k? short range: E,, > k?
— evolution equations

Ry,
I‘,(f) + Ry

I 1T
= —Tr
k=9

— expansion in a basis of monomials O; of the effective action

— dimensionfull couplings %*(k), dimensionless ones: u’ (k) = @’ (k)k—%
d; = [%'] mass dimension

-



Truncation

— Einstein-Hilbert truncation

O1 :/daz\/g, 0o :/d:c\/ER

V9 = v/det(g), R Ricci scalar

— other monomials

Taylor expansion in R : 1, R, R*...
gradient expansion : RAR, RA’R...

— Riemann basis
Oilg]l = Oilvg, R, Ruv, Ruvpo, Dy

with Ricci scalar, Ricci tensor, Riemann tensor, covariant derivative
— Weyl basis

O; [9] = O; [\/§> R, R,ul/; Cpu/pa, D/,L]
with

2 2

Cuvpo = Ruvpo — m(gu[fJRa]v — GulpBoju) +




Truncation

— multiplications, e.g. R*R,,, R*, Cpppo ACHY PO
— field dependent functions: f(R)
— furthermore E = Ry p0 RFYP? — Ry R*Y + R? Gauss-Bonnet term, etc.
— avoid Ostrogradski instability due to the polinomial momentum dependence of the inverse
propagator —
form factors: collect the covariant derivative dependent terms into operator-valued functions

—e.g.
> u'(k)RA"R — RW[(A)R

> @ (k) Crvpo AMCHYPT = Clupe WS (A)CHP?

— they become momentum dependent, f(p)

approximaton of I', RG flow FP

finite number of O, ODE algebraic
field dependent functions, f(R) PDE PDE
momentum dependent form factors, f(p) IDE IDE




EH truncation

1
rEH[g) = e /d4x\/§(2Ak — R)

dimensionless couplings A = Ak~2 g = Gk2,n = G /Gy
— full effective action

Lylh, C,C59) = T gl + T (s 9] + T, C, Cs g)
— gauge fixing term

1

rd/ h;g| = ——
e 73] 321G Lo

/ d2\/Gg" FuF,, Fy = [65D° — g7 Dulhoy

— ghost term

9", C, C; gl \/_/dda:\/_C M(g, g|*, C"

with the Faddeev-Popov operator
M[ga g]“y — gupDJ (ngDO' + gaqu) - 25§p0D“’gaqu

— in harmonic gauge « = 1 and 8 = 1/2



Evolution equations

— evolution equations
u'(k) = B"({v’})

— Newton’s and cosmological couplings

g — BQ (97 )‘)7
>.\ — BA (97 >‘)
— explicit form of the beta functions
Bg(g,A) = (d—=2+mn)g
g
Bale: ) = 2= mAt gos Gy (2d(d+ 1P )5(—2))

—8d®;,,(0) — d(d + 1) Py 5 (—2X))

with the anomalous dimension 7

_ gBi(\)
19N = gB2(A)



Evolution equations

— we introduced

BiY) = S(m YR+ 18]y (—23) — 6d(d - 1)8F5(-2))

—4d®},5_,(0) — 2487 ,(0)),

Ba() = —c(dm)' 2+ 1)BY 5 (—20) - 6d(d — 1)8F 5(~20)

— threshold function

o0 (0) — ,R(0)
oL (w) = 1 / dzz"1 R 'ZR (Z),
I'(n) Jo (2 + RO 4+ w)P
- o0 (0)
oL (w) = L / dzz" 1 RO (2)
['(n) Jo (z + RO (2) + w)?



Evolution equations

for the Litim regulator R(?) (y)

RO (y) =1 -0l —vy)

threshold function

- 1 1
(I)gryb (w)thzm —
'n+1) (1 4+ w)P
- . 1 1
qﬂfb (w)thzm —
'n+2) (14+w)P
the beta functions become simpler
BQ - (2 + 77)97
g 20 10 1
= —(2—n)A — 16 —
Bx (2=mn) +87r<1—2>\ 3"1—2A>

anomalous dimension

5
9(i =55 — (1—g>\)2 =7

n= 5 6
3r(1+ 157 (7055 — (1—2>\)2))




Phase space

1.2
@ black dots: GFP, Reuter 11
® GFP, s190 = +2 08 L
@ Reuter, g« = 0.707, A\ = 0.193, 06 1
s1,2 = —1.48 = 3.041. o
04 b
¢ blue: A = —c0
0.2 F
@ green: A >0
0
@ red: singular 7
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® Reuter: Gy, = g*k™ 2, A, = \*k%, k> 1
® near GFP: G, = Go, A, = Ag, k< 1



Asymptotically safe models
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4d Asymptotically safe gravity 2d sine—Gordon model



Conformally reduced gravity

— starting with the EH action

1
Sppg=—— | d* 2A — R
ER = J6rG / zV/g( )

— we assume that

¢2u(d)

Juv = quv

with §,,,, non-dynamical reference metric, ¢(x) scalar function, v(d) = 2/(d — 2)
— conformally reduced version

y B 2d/(d—2)
SEH = (d)G/ f( 9" 0,90y ¢ + R¢ §(4d)Ag )

with R curvature of §,,,, £(d) = (d — 2)/(4(d — 1))
—d=4v=1¢,=1/6,gu = ¢*Guv

3 1 1 . 1
Sry = ——— [ d*x/o | =g 8,00, — Rp? — ZAp?
EH e x\/§<29 L@ ¢+12 ) ; ¢>



Conformally reduced gravity

conform factor instability: opposite sign kinetic term may cause instabilities if ¢(x)
varies fast

the self-interaction is controlled by A

— Wetterich’s RG equation in the background-field method for the CREH effective action:

Iwlf;xB] = %TIKFQ)[JC; xB] + Ry, [XB]>_1Rk [XB]}

. = 52T _; =
with T [f; x 5] = \/g_ml\/ﬁ 6}390[55“];;3] and TrA = [ 9z Aza.

— the CREH effective action with running couplings

_ — A _ A _ A _
Culfixe] = =2 [ Vaed =5 0ce + D00 + 1)+ 15 Rz + 1) = 3 (cm + 1

— background field: x g =const, wavefunction renormalization: Z; = —471'3Gk
— the potentials are

A i 1 . Ay,
Vi(#) = ZxUx(@), Un(9) = 0" — SRE%, u(e) = Uk(9) + S Re* = —=o"

1 -~
Ul(¢) = 2M,¢° — 8R, UL (¢) = Ak, UL (¢) = 4Ay



Conformally reduced gravity

— compact form of the CREH effective action
_ (1 .
Lrlfixsl = / \/gx{izk(bmcb-ﬂ/k(ﬁb)}
where ¢ = xp + f and
_ / r l /" r2 l 111 r3 i il r4
Vi(¢) = Vie(xB) + Vi (XxB)f + 5 Vk (xB)Sf* + 6Vk (xB)Sf” + YL (xB)f*+-..

— flat reference metric g, = d,, — /g = 1 and O=0
— the background metric determining the running RG scale £ is given as g, = XQB Juuv-
— the regulator is introduced according to the replacement

where [ =



Conformally reduced gravity

— the second functional derivative is

(TP x8]) ., = VI(Zexgs0e + Vi (xB) + 0M(f)) 02y

Y
with

SM(f) = Vlé/,(XB)fT+%VI~;///(XB)J?2 = Ziop((f]), ou(f) = Ué"(xB)er%Ué’”(XB)fz

— we find after regularization the expression

(T [f; xB]4+R, (XB)),,, = @{—Zk(—ﬂerﬁszR(O) (122 >)+Vé’(XB)+5M(f)} Oy
B

— the regulator form: R, (x5) = —Zxx%5k2R() (kQ_XDz )
B

— its scale-derivative is given as




Conformally reduced gravity

l.h.s. = /{—%nfﬂf— n(Uk(XB) + Ul (xB)f + %U,;’(XB)]FQ + .. )
+U ) + U)o+ 300 ) P 4.

and on the right-hand side

k:QXQB _1 .
r.h.s. = Tr{[K — du]” "N(-0)}
k
with the notations
~ 1 -~
K = A(-0)+ ER
A=) = —ﬂ+k2XQBR(O)(k; 5 ) —ui(xB)
) 1 ] —0 []
N(-O) = (1 - —nN>R(O) - RO



Conformally reduced gravity

— the Neumann-expansion is
(K —op] ' =K '+ K 6uKk~ ' + K 'ouK1ouk—1 + ...

then

k2X2B

k

r.h.s. &

(To + Ty + T2)
with
To = Te{K N}, Ty = Tr{K " 16uK "IN}, To = Tr{ K 'ouK 'ouK N}

up to the order f2
— taking the term of the order f° we get

k2X2B
Z,

(—nUk(XB)+Uk(XB)>Q= To

withQ = [ /g



Conformally reduced gravity

— Neumann-expansion of K !

ATHD)RA™YH(-D) +...

o1\ .1
K= (A-D)+ GR) mATID) - g

— (assumption: Ris constant) we find Ty = 1o — %RTOL where

~ [ 1 -~
Too = TrWoi(—0) = (4m) "2 |Q2[Wo1] + ERQl[WOﬂ + .. } Q,
To1 = TI‘W()Q(—G) = (47‘(‘)_2 QQ[WOQ] + .. :| Q
- _ Ny _ N(y) _ uy(xB)
with Wo1(y) = Aly)’ Woa(y) = AZ(y)’ w= — ’;QBkQ , the moments are
2 k2 n o’
Qn[W] = = M/ dzzn_1W(XQBk2z)
I'(n) 0
xEBEH) oo (1= 5RO (2) — 2ROV (2)
Qn(Wop) = dzz
(n—1)! Jo [z + RO)(z) 4+ w]P



Conformally reduced gravity

— threshold functions (same)

by = L [P a1 BO() — 2ROV (2)
¢ (w) = (n — 1)! /0 dzz [z + R(O)(2) 4+ w]p ’
p . 1 o° n—1 R(O) (Z)

P (w) = (n—1)! /0 dzz [z + R(O)(2) + w]P

— the RG equation becomes

1, A 1o 5 k*XEGy 1 . “
~(Ap—nAk)Xp+—-Rnxp = Q2(Woil+— R( Q1[Wo1]—ckQ2[Woz] | +O(R7)
6 12 127 6
— the various powers of R are
(Ap —nAg) = g Q2[Wo1] = 2 xBk [z (w) — 577N¢2(w)],
B B
k%G
n o = 67rk (Ql[Wm] — QQ[W02]>
k2 Gy, 1 1

= 0 (5l — Sandhw) ~ [63w) — Snnd3(w))



Conformally reduced gravity

— the dimensionless couplings are: A = k=2A;, g = k?G},
_it implies that A, = k2(A 4+ 2)), Gr = nGr, w = —“:2(55? — _2)
B
— we obtain the flow equations
g = ([d=2+mn)g
C g 1 71
A= - mas 2 () - ndbw))
Gk 1 I - 2 L - _
no= 6 ¢1(w) — §n¢1(w) — | #2(w) — 577¢52(’w) = gk | B1(A) +nB2(}) ),
with
1
By = (o) - )
s
1 /- -
By = o (dHw) - Bw))
77
— the anomalous dimension becomes
grB1()\)




Region of general relatvity |

— look for region where GG, and Ay
are constants

G07 g~ k2 o
Ao, A~ k™2

Gy,
A

Q

Q

—qg~ % hyperbolas, close to the GFP
-G >0, A, >0 %

gll‘

10770

GR regime should be large
P <k< Py




Which trajectory is chosen by Nature?

estimate of g(k;.p):

— we measure G, and Ag in these scales: G(k;qp) and A(kjqp)

— laboratory scale from meters to AU (~ 1011 m): kl_aé =1...10""m
— Planck length £ p; = \/Z—g; = 1.6 x 1073%m

—Planck mass mp; = /% =2.17 x 10~8kg

~—h=c=1

—tp; =mp; = /G kiap)

g(klab) = k?abG(klab)7 A(klab) - A(klab)/k?ab

— 1in Planck units
9(kiap) = (kiap/mp1)? = (Ip1/k3)?

— we know that G (kjqp) = Giap = 6,67 x 107 Hm3kg=1s72
— kj4p can be determined

9(kiap) = 10770 (kp =1m), g(kiap) = 107°% (k3 =1 AU)



Which trajectory is chosen by Nature?

estimate of \(k;.p):

— A(K14p) is measured in cosmological scales
— qualitative relation between the curvature and Ay

re & Akiap) V2% = Mkiap) "%k, 3

— almost flat spacetime at kl_aé =1m—=re > kl_ai), SO

Mkiap) < 1

— kjqp far from the kterm of the singularity scale A ~ 1/2



GFP scaling

estimate of turning point 7"

—g, A< 1— 0O(g?), O()\?) are neglected
~ G =nGy withn = —bg, b= (24 — ¢2) /37 ~ 1, 50

~ —70 —92
1| G Rregime = 107 ... 10

son =20
— RG equations

oA = =2+ pag/7
8tg = 2g

— (G, = G constant, A has a weak evolution
— turning point: A\ turn from decreasing to insreasing function, there A = 0 —

AT = (p2/2m)gr, Ar/9T = O(1)

— A is increasing, and at P; we have 2\ > pa2g/m, so Aj becomes constant



GFP scaling

scaling solutions around GFP:

g(kT) = d4gr and )\(kT) = )\T

dimensionful couplings
gr
G(k) = @ = const, Gap =M, — k7 =grm5,

Ak) = %)\Tk% [1+<%)1

relation of k1 and m p;:

kr =/ grmp;, — mp; > kr



GFP scaling

scaling in the GR regime:

— eliminate g7

M) = Sorar (T2

— remark:

GAK) = gUIAK) = - grAr

B\ 4
1+ —
( kT > ]
— X runs due to the factor 1 + (k/k7)%, if (k/kr)* << 1 then the run is negligible
— definition of k1 at P

ki/kp =107"

—1in GR regime

gk) = (k/mp)® — G(k) = Gap

1 1 1
Mk) = §gT)\T(mpl/k)2 — A(k):§/\Tk%:§A(kT)



GFP scaling

scaling in the GR regime:
1

GUIAR) = gUIA(K) = Sgrir

— at the beginning of the RG regime

g(k1) = gr10™2Y, A(k1) = Ar10%¥

g(k1) < gr decreases
A(k1) > A increases

—using g7 = At
g(k1) = A(k1)10~%

—S0 A\ < )\kl < Aklab <1



GFP scaling

— it implies that
gr =~ A7 <L 1

— SO

g(k1) <1 and MNk1) K 1

— what do we know about the flow that Nature chose?
at the Reuter fixed point g*, \* ~ O(0.1)
it approaches the GFP (30 orders in k)
wedge shaped trajectory at the turning point
it spends long time near the GFP
the points 7" and P; are located at an extremely short distance to the GFP.
GR regime is far from UV and IR effects
GR regime is long

the RG trajectory which Nature has selected is highly ’unnatural”



IR scales

hierarchies:

— we assume that

k) = %QTAT(mPl/k)2

is valid in the IR, and using A = 1/2 we get
kterm = V9T Armp; = (92/2m) 2grmp; & grmpy

—since kTt = \/grmp;
kterm = \ ngT

—in length scales

L1 _ lpy
term \/QTTT
—since g R Ap < 1= kb > Up;

— double hierarchy

k k
term _ /_QT < 17 _T — /gT < 1
kr mpj



GFP scaling

—from k7 = /grmp; and A\(k) = %)\Tk%

1
A(k) = §9T>‘Tm?3l = const
— giving
A 2
— | =9r<l
Mp; GR

— we can rephrase the cosmological constant problem
old question: Why is A so small?
new question: Why does gravity behave classically over such a long interval of scales?

~ (k) = Ajgp /K2, inthe IR A\(k) =~ 1 —

kterm ~ V Alab

— nature picked trajectory gives small cosmological constant
— matter field cannot modify it
— A(Hp) might differ from A, although the difference is small (not 120 orders of magnitude)



Hubble scale

estimate of g7 :

—in general
A =3Q\Hf ~ H

— this gives a possible definition of the GR regime limit
kterm = Ho
—in the GR regime GG and A do not vary too much
G(Ho) ~ Giap A(Ho) ~ Ajgp
— then, using A(k) = HZ and G(k) = m?,

%QTAT = g(k)\(k) = (Ho/mpy)*

A~ Ho/mp; ~ 1079

Q

gr

— consistent with g7 > gyqp ~ 10770
— 30 order of magnitude between (kterm, k1) and (k7, mp;)



Hubble scale

—since kterm = V9rArmp; = grmp; = Hg and k+ = /g7 m p; then

kr =/ Ho/mp; = 10_3OmPl

— associated length scale

k' 2 10%%p; ~ 107 %em

1S macroscopic
—if v = 1 then

kit~ 10 2em

—ifl > ki 1 then A is constant, otherwise
A(k) = H§ [+ (k/kr)"]

— we cannot detect the change of A in milli/ or micrometer scales since H, g is extremely small



Hubble scale

estimate of g and ) in the IR:

g(k) = (k/mp;)* —
g(Ho) = (Ho/mpy)?

M = 397 A7 (mp;/Ho)? —

1 1

A(Ho) = EQT)\T = §(Ho/mpz)2(mP1/Ho)2

at the Hubble scale we expect
g(Hp) ~ 107120

1



IR fixed point

it 1s expected that new interactions become relevant in the IR, it can create a new IR attractive
fixed point at

gt~ 10710 \* = 0(0.1)

the fixed point scaling
G(k) = g, /K?, ALK

the cosmological time is
k=¢/t

then G = G(t) and A = A(¢t)

— RG improved field equations can be derived

— RG trajectory — time evolution of Universe

— the IR fixed point is beyond the GR regime, and the Einstein-Hilbert truncation cannot be
applied

—1in the IR we expect deviation from classical cosmology at large distance scales

— discrepancy between the observable mass and the one got from observed motion for galactic
systems.

— explanation can be the dark matter, however the IR fixed point due to the new physics there can
account for the discrepancy



Summary of the Nature picked trajectory

at k = oo it is infinitesimally close to the Reuter fixed point, g ~ O(1), A ~ O(0.1)
runs along the separatrix till k7, g, A decreases

at the turning point T’ g; ~ Ap ~ 1060

turns at 7" and then it hits the GR regime at k1

between k1 and ko G and A are constants

when k approaches the deep IR regime, then A — 1/2 and the Einstein-Hilbert
truncation is not reliable anymore

it is expected that new interactions become relevant in the IR, creating a new IR attractive
fixed point at g* ~ 10~ 12% and A\* ~ ©(0.1)



Questions

UV Reuter fixed point, however the blocking is meaningful into IR
only relevant couplings
UV Landau pole, QED + AB gravity may give a UV NGFP, but not for all initial values

Euclidean vs Lorentz signature
are there Lorentz covariant form of RG method?
Lorentz symmetry violation at UV?

new physics may arise beyond the Planck scale, however the Reuter fixed point disables it
quantum — classical transition, AS gravity, QED

open dynamics in RG?
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