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Motivation for Quantum Gravity



Why quantum gravity?

General Relativity:
= several high precision tests

= |atest confirmation:

Existence of black holes by LIGO

collaboration
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Why quantum gravity?

General Relativity:

= several high precision tests

latest confirmation: Z Black hole
Existence of black holes by LIGO

collaboration

Simplest version of a black hole:
Schwarzschild black hole

physical singularity at = 0.

= GRis not a fundamental Singularity

theory

Source: Northern Arizona University



Why quantum gravity?

General Relativity:
= several high precision tests

= |atest confirmation: Z Black hole
Existence of black holes by LIGO
collaboration

= Simplest version of a black hole:
Schwarzschild black hole

physical singularity at = 0.

= GR is not a fundamental Singularity
theory
Source: Northern Arizona University
he .
= For E> Mp_ = \/Gf;.

QG effects are expected



Why quantum gravity with matter?

Standard Model:

= well tested low energy model

» formulated as QFT
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Why quantum gravity with matter?

Standard Model:

= well tested low energy model
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Why quantum gravity with matter?

Standard Model:
= well tested low energy model
= formulated as QFT

» Triviality problem in scalar ¢* and
abelian gauge theories
[J. Frahlich, 1982]

[M. Gockeler et al., 1997] , [H. Gies and J. Jackel, 2004]

= Singularities might carry over to
SM
— SM is only effective theory
— breakdown beyond Planck scale
— QG might cure Landau poles
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Why quantum gravity with matter?

Standard Model:

= well tested low energy model

glk]
= formulated as QFT 10°
» Triviality problem in scalar ¢* and 10%}
abelian gauge theories 1000;,

[J. Fréhlich, 1982] ’ ,

— m—

|
= Singularities might carry over to \ 'ﬁ// ’
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— SM is only effective theory

100/
[M. Gockeler et al., 1997] , [H. Gies and J. Jackel, 2004]

Image credits: Fleur Versteegen
— breakdown beyond Planck scale
— QG might cure Landau poles

compatibility with SM in IR provides test for quantum theory of gravity
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Asymptotically Safe Quantum Gravity



How to quantize Gravity?

- [GN] =2—-d
= GR is perturbatively non-renormalizable in d = 4



How to quantize Gravity?

- [GN] =2—-d
= GR is perturbatively non-renormalizable in d = 4

= Effective field theory approach: Loss of predictivity at Mp



Asymptotic safety

= Asymptotic freedom

» all couplings vanish in the UV
P perturbative renormalizability
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Asymptotic safety

= Asymptotic freedom

= all couplings vanish in the UV

= perturbative renormalizability

= Asymptotic safety
[S. Weinberg, 1979]
» all dimensionless couplings enter
a scale invariant regime
» interacting theory in the UV
» non-perturbative
renormalizability

running Newton coupling
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Search for Asymptotic safety

Study RG-flow of dimensionless couplings g; = g; k~ %

5gi(§)=/€3k9i:[ —dg, gi +[ fi(9) ]

dimensional quantum

= balancing of dimensional term with quantum correction can lead to AS



Critical Exponents

= Linearized S-functions
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Critical Exponents

= Linearized S-functions
0B,

Y ( gz>
g=g* j 9gj

= Solution to linearized flow equations
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gi(k) = g; + Z ch§ (;) with  — eig (M) = ©;.
J



Critical Exponents

= Solution to linearized flow equations

gi(k) = g; + Z ch;: (Z) with  — eig (M) = ©;.
J

Re(@l) <0

= jrrelevant direction
k—o0

= gi(k) — g;

= ¢; drop out

» g7 is a prediction



Critical Exponents

= Solution to linearized flow equations

,@j

gi(k) = g; + Z ch;: (Z) with  — eig (M) = ©;.
J

Re(©;) <0 Re(©;) >0
= irrelevant direction » relevant direction
» gi(k) koo, gr * ¢j remain
= ¢; drop out » adjust ¢; to reach g;
» g7 is a prediction = one free parameter for each

relevant direction



Critical Exponents

= Solution to linearized flow equations

-9,
gz(k) = g,*; + Z CjV}é <klz> with  — eig (]\4) =0;.
J

Re(©:) <0 Re(©;) >0
= irrelevant direction = relevant direction
» (k) oo, g » ¢; remain
= ¢ drop out » adjust ¢; to reach g;
» g7 is a prediction » one free parameter for each

relevant direction

Number of relevant directions determines predictivity



Critical Exponents
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Tool: Functional Renormalization Group

Non-Perturbative Renormalisation Group Equation [Wetterich, 1993], [Reuter, 1996]

I';, = scale dependent effective action
Ry = IR regulator

I'k=2 = Share

= exact 1-loop equation

» extract B-functions via projection

= truncation needed — not closed *

[H. Gies, 2006]

10



Effective Universality for Gravity and
Matter




Avatars of the Newton coupling

= Einstein-Hilbert gravity minimally coupled to fermions, i.e.
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Avatars of the Newton coupling

= Einstein-Hilbert gravity minimally coupled to fermions, i.e.
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= two different "avatars” of the Newton coupling
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Effective universality

= (lassically: Diffeomorphism invariance

= there should only be one Newton coupling
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Effective universality

= (lassically: Diffeomorphism invariance

= there should only be one Newton coupling
= On the quantum level
» [Gn] = —2 = 2-loop universality is lost
[Weinberg, 1995]

» Gauge fixing, Regulator
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Effective universality

= (lassically: Diffeomorphism invariance

= there should only be one Newton coupling
= On the quantum level
» [Gn] = —2 = 2-loop universality is lost
[Weinberg, 1995]

» Gauge fixing, Regulator
= set of identities (mSTI's) relates avatars

= Effective universality:
Quantitative agreement of different avatars of the Newton coupling

£ ichhorn abus M. Pawlowski and M eichert, 2018
A. Eicht P. Lat J. M. Pawl k I M. Reict

= Compare both avatars on the level of their -functions at (1", A3, Gz = Gj)

Ba,, =2G —3.4G* +0.37G* + O(GY)
By, =2G —2.8G% +0.42G° + O(GY)
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Effective universality for fermions and gravity

Measure of effective universal-

ity
(G, 1, \s) = A, — Abg

» Hy A3) = ABG'[—’_ABG]' G=G;
with

[A. Eichhorn, P. Labus, J. M. Pawlowski and M. Re-

ichert, 2018]
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Effective universality for fermions and gravity

1.0 T T T
Measure of effective universal-
ity 05r
, , 3 — '_:<ﬁ o
ABg; + ABg Gi=G,
with -0.5
ABg, = Bag, —2G; _10 ) . .
' -0.6 -04 -02 0.0 0.2 0.4
[A. Eichhorn, P. Labus, J. M. Pawlowski and M. Re- 1%

ichert, 2018] [A. Eichhorn, S. Lippoldt, MS, in preparation]

[A. Eichhorn, S. Lippoldt, J. M. Pawlowski, M. Reichert, MS, in preparation]
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Effective universality for all avatars of the Newton coupling

= Compare fermions,
scalars, vector fields and
gravity
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Effective universality for all avatars of the Newton coupling

0.30
025}
0.20 = Compare fermions,
<015 scalars, vector fields and
o10f X 3 gravity
B A = Effective universality for

0.05
all avatars of the Newton

0.00 Lt : ; ; : :
-07  -06 -0.5 -04  -03 coupling

Zoomed in plot region!
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Effective universality for all avatars of the Newton coupling

0.30
0.25F ] _

- s = Compare fermions,
0.20 scalars, vector fields and

<015 gravity
010k ° ] = Effective universality for
oosh all avatars of the Newton
R g coupling

0.00 : : :

-07 -06 -05 -04 -03

u
Implications

= Highly non-trivial cancellations

= Mot expected for truncation artifact

— strong hint for physical nature of asymptotically safe fixed point

15



Induced Couplings at UV Fixed Point




Induced Couplings at UV Fixed Point

= Naive expectation:

Flow equation generates all
interactions that are compatible
with symmetry

= For gravity-matter systems:
3 chiral (shift) symmetric matter
interactions

17



Induced Couplings at UV Fixed Point

= Naive expectation:

Flow equation generates all
interactions that are compatible

Bx
with symmetry \ 190 ¢
. K ‘\ 50 ¢
= For gravity-matter systems: \ J
. . . 5 0y b : ','L X
3 chiral (shift) symmetric matter -2 -2 -150 -100 50 A
. . \‘ CN G 0
interactions " o o
o S 100
. . ~ ’
= Corresponding coupling does not SSmeeemT S iso
have GFP if Gy # 0 T —2000
"""""""" _as0t
[A. Eichhorn, A. Held and J. M. Pawlowski, 2016]
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Induced Couplings at UV Fixed Point

Naive expectation:

Flow equation generates all
interactions that are compatible
with symmetry

For gravity-matter systems:
3 chiral (shift) symmetric matter
interactions

Corresponding coupling does not
have GFP if Gy # 0

Explicit computations confirm
expectation
[A. Eichhorn and H. Gies, 2011]

[A. Eichhorn and A. Held, 2017]

scalars fermions gauge fields
GFP A ¢ GEP y ovv
scalars
SGFP sGFP SsGFP
0(0,00"9)* | 0,00 $VVY | 9,00"p F?
GFP e Av
fermions GEP
sGF -
()2 | SGEP 9V F?
gluon self-interaction in I
gauge fields sGFP
(22
“/Q(F ) Abeclian _
complex GFP 4.9 4%
scalars SGFP 9,0!0"¢) F2
[A. Eichhorn, A. Held and J. M. Pawlowski, 2016]

17



Induced non-minimal coupling

S =SgH + Spirac
+o /d4x\/§R’“’ (QM,LVVW)
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Induced non-minimal coupling

S =SgH + Spirac
+o /d4x\/§R’“’ (QM,LVVW)

= o features shifted Gaussian fixed
point (sGFP)

Be =A0(G.)+ A1(G.) o
+ O(c?)
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Induced non-minimal coupling

Griw =2

D

S =5€eH + Sbirac

2 1| sGFP for

to /d4l‘\/§R/“/ (&77vaw/) nga th\#o

= o features shifted Gaussian fixed
point (sGFP)

Be =A0(G.)+ A1(G.) o
+ O(c?)

» g* #0for Gy #0
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Induced non-minimal coupling

S :SEH + SDirac

" _. . 21 :'sGFP for ]
+o /d z+/gRM" (1#17“?1,#;1) & [ Chiv #9
F GFP for
g & G =0 ]
= o features shifted Gaussian fixed Of, L . .
—05 0.0 0.5 1.0
point (sGFP) Thiy
0.0
Bs =A0(G.)+ A1(G.) o :
. —0.1
+0(0?) 21
© _p2f
» g* #0for Gy #0 :

Ghﬁrw

Asymptotic safety passes non-minimal test for a UV complete theory

of gravity and matter
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Induced non-minimal coupling

S :SEH + SDirac
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+ O(0”) 2 f
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» g* #0for Gy #0 :

Ghﬁrw

Interacting nature of asymptotically safe fixed point percolates into

chiral symmetry-protected matter sector
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Summary and Outlook

= Effective universality

» hint for physical nature of

. . . 0.30
asymptotically safe fixed point
» guideline/ justification for 0.25¢
future/past truncations 02082
< 0.15
010
= Induced couplings 0.0sf -~
» Non-minimal couplings are 0.00 .
. . -0.7 -0.6 -05 -04 -0.3
present at the fixed point u

» Symmetry protected matter
sector is interacting in the UV
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Summary and Outlook

= Effective universality = Extend analysis to
» hint for physical nature of phenomenologically relevant
asymptotically safe fixed point numbers of scalars, fermions and

» guideline/ justification for vector fields

future/past truncations

= Explore restrictions of the

. gravitational parameter space
= Induced couplings ) )
o ) under the inclusion of
» Non-minimal couplings are ] i
. . non-minimal couplings
present at the fixed point ping

» Symmetry protected matter (weak gravity bound

sector is interacting in the UV [A. Eichhorn and A. Held, 2017] )
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Summary and Outlook

= Effective universality » Extend analysis to
» hint for physical nature of phenomenologically relevant
asymptotically safe fixed point numbers of scalars, fermions and

» guideline/ justification for vector fields

future/past truncations

= Explore restrictions of the

. gravitational parameter space
= Induced couplings ) )
o ) under the inclusion of
» Non-minimal couplings are il i
. . non-minimal couplings
present at the fixed point _ ping
» Symmetry protected matter (weak gravity bound

sector is interacting in the UV [A. Eichhorn and A. Held, 2017] )

Thank you for your attention!
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Example for Asymptotic Safety

Example: Yang-Mills Theory in d =4 + ¢ at 1-loop

[M. E. Peskin, 1980], [M. Creutz, 1979], [H. Gies, 2003]
0.5 r T T
_ €
[9l=—3 0.0 _
¢ Ba: _5 - .
_ 3 A ]
65] - 5 g — bO g r 1
-1.0 b
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Nontrivial cancellations
T 1 T 1 T

Or

-10:—
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