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Motivation

Why are ghosts interesting?

Ghosts are not observable!

BUT: ∂tΓk =

Ghost fluctuations change running
gravitational couplings

Ghosts may be crucial for fixed
point properties
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Motivation

What do we want to understand about the ghost-sector?

• Relevant operators in the ghost sector?

g1

g2

g3

NonGaußian fixed point

→ Relevant directions: couplings have to be fixed by experiment!
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• Relevant operators in the ghost sector?
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NonGaußian fixed point

• Similarity to Yang-Mills theories in non-perturbative regime?
• Gribov problem
• Scaling solution for ghost and gluon propagator



Gribov problem and scaling solution in Landau gauge

Z =
∫
Dg δ[F ] det(−M) e−S

Gribov, 1978

  

M→ 0 at first Gribov horizon

strongly-interacting regime:

dominant field configurations
near Gribov horizon!
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∼ 1
(p2)−κA p2

scaling relation: κA = −2κc
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Ghost wave function renormalisation

truncation : Γk = ΓEH + Γgf + Γgh

ΓEH =
1

16πGN
ZN(k)

∫
d4x

√
g(−R + 2λ(k))

Γgh = −
√

2Zc
R

d4x
√

ḡ c̄µ

�
D̄ρḡµκgκνDρ + D̄ρḡµκgρνDκ − 1+ρ

2
D̄µḡρσgρνDσ

�
cν

scale dependence of wave-function renormalisation:

anomalous dimension ηc = −k∂k lnZc

Γ
(2)
gh ∼ (p2)1−ηc/2

K. Groh, F. Saueressig J.Phys.A 43:365403,2010; A.E., H. Gies PRD 81:104010,2010



Ghost wave function renormalisation

truncation : Γk = ΓEH + Γgf + Γgh

ΓEH =
1

16πGN
ZN(k)

∫
d4x

√
g(−R + 2λ(k))

Γgh = −
√

2Zc
R

d4x
√
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Ghost anomalous dimension

diagrammatically:
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in our truncation:

ghost-antighost-two-graviton vertex vanishes!

York decomposition of the metric:

hµν = hT
µν + Dµξν + Dνξµ + DµDνσ − 1

d D2ḡµνσ + 1
d ḡµνh

⇒ 8 diagrams in total
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d ḡµνh

⇒ 8 diagrams in total



Ghost anomalous dimension

diagrammatically:

�
�

�
�

�
�@

@
@

@
@

@

in our truncation:

ghost-antighost-two-graviton vertex vanishes!

York decomposition of the metric:

hµν = hT
µν + Dµξν + Dνξµ + DµDνσ − 1
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Gauge choices

Two good reasons for Landau deWitt gauge: (ρ → 0, α → 0)

• fixed point of RG flow → ”most physical” gauge

• technically favorable: not all metric modes can contribute:

hµν = hT
µν + Dµξν + Dνξµ + DµDνσ − 1

d D2ḡµνσ + 1
d ḡµνh

→ hT
µν + 1

d ḡµνh

→ 4 diagrams



Results

truncation G∗ λ∗ G∗λ∗ θ1,2 ηc

ηc = 0 0.27 0.38 0.10 2.1 ±i1.69 0
ηc 6= 0 0.29 0.32 0.09 2.03±i 1.50 -0.78

• NGFP exists also for ηc 6= 0

• positive G∗ ⇒ stability!

• critical exponents: two relevant directions
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Results: Investigation of stability

include effects beyond the current truncation (e.g. four-ghost
operators) by varying ηc :

Fixed-point values:
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What does the anomalous dimension tell us?

full propagator: (Γ(2))−1 = 1
Zc (k2=p2)p2 = 1

(p2)1−
η
2

ηc ≈ −0.8

Why is ηc 6= ηN?

metric: −k∂k lnZN = ηN = −2

cancellation of non-physical metric modes? → anomalous scaling
of vertices

negative ηc

• potentially more relevant ghost operators:
g cµOµνc

ν ⇒∂tg ∼ ηcg + ...
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Ghost-curvature coupling

truncation:

Γk = ΓEH + Γgf + Sgh + ζk

∫
d4x

√
g c̄µ R cµ

A.E., H. Gies, M.M. Scherer, 2009

transverse traceless approximation

expectation: transverse traceless graviton mode carries essential
physical information

York decompose metric:
hµν = hT

µν + Dµξν + Dνξµ + DµDνσ − 1
d D2ḡµνσ + 1

d ḡµνh

→ let only hT
µν fluctuate

existence of NGFP and number of relevant directions conserved in
Einstein-Hilbert-truncation
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Ghost-curvature coupling: Result

• at NGFP in Einstein-Hilbert sector: ζ∗ = 0

• NGFP seems compatible with ”simple” Faddeev-Popov gauge
fixing

• critical exponent: − (∂ζ(k∂kζ))|ζ∗ ≈ 1.4

→ possibly relevant coupling

to which IR-measurable coupling is ζ related?



Ghost-derivative couplings: Truncation

two-derivative operators in the ghost sector

• Zc c̄
µD2gµνc

ν

• c̄µ[Dµ,Dν ]c
ν = c̄µRαµcα

• c̄µ{Dµ,Dν}cν

• c̄µRcµ

truncation:
−
√

2Zc
R

d4x
√

ḡ c̄µ
�
D̄ρḡµκγκνDρ + δZc

�
D̄ρḡµκγρνDκ − 1+ρ

2
D̄µḡρσγρνDσ

��
cν

gµν→ḡµν−→ −2
√

2Zc
R

d4x
√

ḡ c̄µ
�
D̄2ḡµν + δZc

�
3+ρ

4
[D̄ν , D̄µ] + 1+ρ

4
{D̄µ, D̄ν}

��
cν



Preliminary results: Two Non-Gaussian fixed points

• δZ = 1
• {G∗, λ∗} = {0.287, 0.317}

• new relevant direction: θ3 = 0.646

• flow towards the IR: δZ changes →
FP det changes → shape of Gribov
region changes

• δZ = 1.56154
• {G∗, λ∗} = {0.261895, 0.372149}

• θ1,2 = 2.12998± i1.63434

• new irrelevant direction:
θ3 = −0.826022

• ηc=
• no simple Faddeev-Popov gauge

fixing?

UV Gribov region

IR Gribov region
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Summary

• Ghosts sector can have interesting consequences for FP

• Relevant operators in ghost sector have to be connected to
measurable couplings

• Ghost wave-function renormalisation:
• negative anomalous dimension
• Ghost operators potentially relevant

• Ghost-curvature coupling: Possibly relevant coupling

• Preliminary results on ghost-derivative couplings: Two NGFPs



Outlook

still many open issues in the ghost sector:

• How does the Gribov region look like in gravity?

• How many relevant operators?

• To which IR-measurable couplings are these related?

• NGFP compatible with simple Faddeev-Popov gauge fixing?



Thank you for your attention!
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