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Cosmological Implications of Quantum Gravity
Q How can one connect cosmological phenomenology to 

microscopic aspects in QFT/-Particle Physics?

Our ResultsTheiMystery
in Cosmology

- Galaxy distributions

- Matter correlations

- CMB power spectra

TheiSolution from 
QuantumiPhysics

- Correlation Functions

- Running-of couplings

- Vacuum Condensate
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TheiMystery – Distributionsiof Galaxies
I. Introduction

I. The Mystery in Cosmology
II. Solution in ParticleiPhysics

II. Quantum Gravity

III. Our Results

IV. Conclusion

SDSS

Forms “clumps” ①

of different sizes ②

Q: How to measure/quantify 
them?

A: Correlation Functions !(#)
Power Spectrums
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Galaxies are not random
I. Introduction

I. The Mystery in Cosmology
II. Solution in ParticleiPhysics

II. Quantum Gravity

III. Our Results

IV. Conclusion

“Density Contrast” % &
≔ "overdensity"(.)
"average density"

% & ≔ %( &
(̅ ≡ ( & − (̅

(̅
(i.e. “fractional overdensity”)

Correlation Functions !(#)
! # ≝ -

!
."& % & % & + #

≡ % 0 % 1
(with # − % = ')
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How to measure/quantify them?

#

$

%
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Early measurements (1960-90’s, Peebles, et. al.~)

?

Looks like a scaling law of QFT/

Statistical Mechanics!

I. Introduction
I. The Mystery in Cosmology
II. Solution in Particle Physics

II. Quantum Gravity

III. Our Results

IV. Conclusion

“Principles of Physical Cosmology”, J. Peebles

2! 3 = 3"
3

#
, 6 7 = 8"

7$
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Modern Data (2000-present, SDSS)

SDSS DR2 (2004)

& # ≡ (! # ≡ ) * ) + =
#"
#

# FT
/ 0 ≡ ) 0

$
=
1"
0%

⇒ 3 = 3 − 6

I. Introduction
I. The Mystery in Cosmology
II. Solution in Particle Physics

II. Quantum Gravity

III. Our Results

IV. Conclusion

Mystery (#1):

Why do galaxies follow this law?

Why is 2 ≈ 2 ?

(or equivalently, 5 ≈ 1)
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The Mystery

2! 3 = 3"
3

#
, 6 7 = 8"

7$
I. Introduction

I. The Mystery in Cosmology
II. Solution in Particle Physics

II. Quantum Gravity

III. Our Results

IV. Conclusion

A long mystery since 1960’s

Inflation?
Other possible explanation?



Theoretical observation 1:

• GR relates Gravity to Matter

Theoretical observation 2:

• QFT is excellent at calculating correlation functions!!

Q:

• Can we apply QFT to Gravity?

• Are such predictions reliable?

• How well do they match with data?
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A Possible Solution:

R = 8⇡G ⇢
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II. Solution in Particle Physics
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“Introduction to Quantum Field Theory”, Peskin and Schroeder

Follow the path of QED/QCD!

QG = direct combination of:

• Einstein’s classical General Relativity (1916)

• Quantum Mechanics, in the form of Feynman’s Path Integral:

( )!" ≡ Einstein-Hilbert action w/ cos. constant
+)!" ≡ DeWitt functional measure

Whatiis “QuantumiGravity”?
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QuantumiGravity

! = # $%!" &
#
ℏ% &9:

' %!" = 1
16*+#$

', % - − 20

I. Introduction

II. Quantum Gravity
I. Defining the Theory
II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Main Challenges with Quantum Gravity:

(1) Short distance theory is ultimately uncertain.

(2) Theory not perturbatively renormalizable.
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Quantum Gravity

7 = 8 9:&' ;

(
ℏ* +#$

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges
III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Uniqueness

• Higher order operators (<$)   ⇒ Short distance physics  (< 10,--cm),

• Long distance theory is unique*!  (like QED!)

– Feynman(1963) ⇒ QG = unique theory of m=0, s=2 field.

…just like QED / QCD is for m=0 and s=1!
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Quantum Gravity

Main Challenges with Quantum Gravity:

(1) Short distance theory is ultimately uncertain.

(2) (Unlike QED) Theory not perturbatively renormalizable.

+ all higher order terms
(consistent w/ general 
covariance)

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges
III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Difficulty with Perturbative Gravity:

• Theory is Highly Non-Linear 
– “Gravity gravitates”
– (∞ vertices!)

• Perturbation Theory in G is useless
– “Not perturbatively renormalizable” !
– 7-integrals diverge!
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Quantum Gravity

Main Challenges with Quantum Gravity:

(2) (Unlike QED) Theory not perturbatively renormalizable.

+ +

+ + …

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges
III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion
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Non-perturbatively renormalizable theories

Q: Are there other QFTs where perturbation theory fails, 
yet makes useful/physical predictions?

• QCD
Quarks and gluons are confined. Main theoretical 

evidence for confinement  and chiral symmetry 
breaking is possibly from the lattice.

• Superconductor
BCS Theory: Fermions close to the Fermi surface 

condense into Cooper pairs.
• Superfluid

Described by condensate density.
• Degenerate Electron Gas

Screening due to Thomas-Fermi mechanism.
• Homogeneous Turbulence

Observables                     ;%= critical Reynolds no. 
(Kolmogorov)

• Ferromagnets
Spontaneous Symmetry Breaking & dimensional 

transmutation

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges
III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Do these theories make accurate predictions?
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Non-perturbatively renormalizable theories

Yes!
*E.g.: The Nonlinear Sigma-model (Gell-Mann): 

• ⇒ a not perturbatively renormalizable theory in 3D, 

• ⇒ describes ferromagnets in 3D,

• ⇒ second most accurate prediction (on critical exponents A, C, …) 
of QFT (after g-2 measurements of QED)!

⇒Nonperturbative methods

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges
III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Nonperturbative methods:
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Non-perturbatively renormalizable theories

• Analytical methods: 

– d=2+ε dimensional expansion (Wilson/Weinberg), 

– Modern RG analysis (Wilson), 

– Large-N expansion (“Hartree-Fock” approximation),

– Einstein-Hilbert RG-truncation method…

• Numerical methods: 

– Lattice calculations (M-C simulations)

All these work very well with the NLSM!

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges

III. Nonperturbative Methods
IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Nonperturbative methods:
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Non-perturbatively renormalizable theories

• Analytical methods: 2+ε expansion, Modern RG analysis, Large-N expansion (“Hartree-Fock” approximation), 
Einstein-Hilbert RG-truncation method…

• Numerical methods: Lattice calculations (M-C simulations)

General Features from Non-pert. Renormalizable Theories:

• Non trivial RG fixed point, Phase Transitions!

• Nonperturbative scale ξ

• Nontrivial Critical Scaling exponents for correlation functions ν

• RG-Running of coupling constants : → : 0
$

• and so on…

All play a role in gravity!

Critical Exponents for Gravity
!" # !" $ ~ 1

' F GHI/K
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II. Quantum Gravity
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II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion



• def: Correlation-function for scalar curvature (R):

Nonperturbative methods:
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Non-perturbatively renormalizable theories

• Analytical methods: 2+ε expansion, Modern RG analysis, Large-N expansion (“Hartree-Fock” approximation), 
Einstein-Hilbert RG-truncation method…

• Numerical methods: Lattice calculations (M-C simulations)

General Features from Non-pert. Renormalizable Theories:

• Non trivial RG fixed point, Phase Transitions!

• Nonperturbative scale ξ

• Nontrivial Critical Scaling exponents for correlation functions ν

• RG-Running of coupling constants : → : 0
$

• and so on…

All play a role in gravity!

Critical Exponents for Gravity
(L ' ≡ !" # !" $ ~ 1

' F GHI/K

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

• def: Correlation-function for scalar curvature (R):

|* − +| = # = geodesic distance

)< = fluctuations in-R
In general one does not expect Gaussian-exponents

Critical Exponents for Gravity
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Non-perturbatively renormalizable theories
General Features from Non-pert. Renormalizable Theories:

• Nonperturbative scale ξ
• Nontrivial Critical Scaling exponents for correlation functions ν
• RG-Running of coupling constants ) → ) -%

• Various methods:

(L ' ≡ !" # !" $ ~ 1
' F GHI/K

ν = 0.334(4)
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IV. Nonperturbative effects

III. Our Results
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Non-perturbatively renormalizable theories
General Features from Non-pert. Renormalizable Theories:

• Nonperturbative scale ξ
• Nontrivial Critical Scaling exponents for correlation functions ν
• RG-Running of coupling constants ) → ) -%

Critical Exponents for Gravity

• Various methods:

• From lattice (numerical): ν = 0.334(4)

(L ' ≡ !" # !" $ ~ 1
' F GHI/K

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion
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Non-perturbatively renormalizable theories
General Features from Non-pert. Renormalizable Theories:

• Nonperturbative scale ξ
• Nontrivial Critical Scaling exponents for correlation functions ν
• RG-Running of coupling constants ) → ) -%

Critical Exponents for Gravity

• Various methods:

• From lattice (numerical): ν = 0.334(4)

∼ 1
'F

⇒ "+, ≈ 3

(L ' ≡ !" # !" $ ~ 1
' F GHI/K

Nonperturbative scale
Nonperturbative scale ξ →  regulates expressions in IR-limit

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Nonperturbative scale
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Non-perturbatively renormalizable theories
General Features from Non-pert. Renormalizable Theories:

• Nonperturbative scale ξ
• Nontrivial Critical Scaling exponents for correlation functions ν
• RG-Running of coupling constants ) → ) -%

Nonperturbative scale ξ →  regulates expressions in IR-limit

QCD case:

N&'$ ∼
1

&.
∼ Λ/01

.

890 → 8

2&'(
90

Gravity case:

Qcos ∼ < ∼
1

&$

890 → 8

3/5
90

(& ≃
3

6)*+
≃ 5300 Mpc )(Λ/01 ≃ 200 MeV)

,- . ,- / ~ 1
2 !

RG Running of coupling constants
Renormalization Group Eqns (RGE) ⇒ Running of coupling “constants”

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

RG Running of coupling constants
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Non-perturbatively renormalizable theories
General Features from Non-pert. Renormalizable Theories:

• Nonperturbative scale ξ
• Nontrivial Critical Scaling exponents for correlation functions ν
• RG-Running of coupling constants ) → ) -%

,- . ,- / ~ 1
2 !

345 →3
"/$
45

QCD case:

A% → A%(0)

C" (Wilczek, Gross and Politzer)

Λ789 ≃ 200 MeV

A% 0 =
1

C" ln
0$

Λ789
$

Gravity case:

( → ( 0

[" ≈ 16.04 (HWH)

` = 1/& ∼ 1/ 5300Mpc ∼ 2×10
,. Mpc-1

1/b ≃ 3

( 0 = ( 1 + ["
`
$

0$

3
$'

+ d
`
$

0$

3/'

Renormalization Group Eqns (RGE) ⇒ Running of coupling “constants”

Q: Relate these to Cosmology?
No adjustable parameter (except Λ&%'!)

I. Introduction

II. Quantum Gravity
I. Defining the Theory

II. Main Challenges

III. Nonperturbative Methods

IV. Nonperturbative effects

III. Our Results

IV. Conclusion

Gravitational Fluctuations ⇒ Matter Fluctuation
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Cosmological Implication 1: Galaxy Power Spectrum
Relate these to Cosmology:

• Nonperturbative scale ξ
• Nontrivial Critical Scaling exponents for correlation functions ν
• RG-Running of coupling constants . → . -%

,- . ,- / ~ 1
2 !

7 5 = 7 1 + :%
;!

5!

"
!&

+ < ;!

5!
"/&

⇒
⇔

R� 4� = 8⇡G ⇢
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Cosmological Implication 1: Galaxy Power Spectrum

SDSS DR14 (2016)
Tegmark SDSS DR2 (2004)

I. Introduction

II. Quantum Gravity

III. Our Results
The Matter Power Spectrum

I. The Galactic Regime
II. The CMB Regime

III. The Extreme Small-k Regime

IV. Constraints on parameters

The Angular Temperature Spectra

Numerical Results

IV. Conclusion
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Cosmological Implication 1: Galaxy Power Spectrum
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Selfnote: (optional)

Rerun Mathematica NB, 

Generate just dots

Animate the linear fit

Expect: k ⇥ P (k) ! a0
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Extending to CMB Scales

• SDSS (2004)

Ref: M. Tegmark, et. al. (2004) astro-ph/0107418, ApJ, 571, 191
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Extending to CMB Scales

Larger distance → earlier in time 

→ switches from matter dominated → radiation dominated

But radiation behaves quantitatively different than matter in realtivity.

∴ expects < 7 to behave differencely beyond critical scale =/0.

Radiation Dom.
Matter Dom.

f:7
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Extending to CMB Scales

• Classical GR ⇒ “Transfer function”
- Provides an unambiguous relation between matter-dominated regime to 

radiation-dominated regime via Boltzmann & Friedmann Eqns.

1 2 ≃
ln 1 + 0.1242 %

0.1242 %
1 + 1.2572 % + 0.44522 = + 0.21972 >

1 + 1.6062 % + 0.85682 = + 0.39272 >

?/%

“Turnover scale”

at 0 ∼ 0:7

small k,
(RD)

large k,
(MD)

Weinberg p.412
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Extending to CMB Scales
• Normalized result for full < 7 , extrapolated to small 7: (blue curve)I. Introduction
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Additional Quantum Effects (when 2 → ~5, 6 → ~7)

In extreme small k, additional effects important in QG:

(1) Nonperturbative scale ξ regulates expressions.

Just like QCD!   → ΛBCD QG → “@” ∼ E

F
(& =

-
6ABC

≃ 5300 Mpc)

“Gluon condensate” “Curvature Condensate”!
Acts as “infrared regulator” 

(modifies small-k) ⇒ ∫.7 → ∫G .7 ,  
E

H*
→ E

H*IG*

(2) RG Running of G

Recall field eqns ⇒ DJ = E

KL M * DN
So: → DJ = E

KLM O
* DN ,  or  < 7 = E

KLM H
* <N 7
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Antiscreening of Gravity!

virtual 
graviton 
cloud
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Additional Quantum Effects when 6 → ~7
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Additional Quantum Effects when 6 → ~7
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Constraints on 8

● ●

● ● ●
●
●
●
●●

●●●
●●
●●●

●●●
●
●●●●●

●
●●●●●
●
●

●
●
●

▲

▲

▲

▲

▲ ▲ ▲ ▲
▲

▲▲
▲
▲

▲
▲
▲▲

▲

▲ ▲ ▲ ▲
▲

▲ ▲
▲
▲

▲
▲
▲

▲ ▲

▲
▲ ▲

▲

▲

▲

▲

▲ CMB Planck 2018)

SDSS DR14 2016)

ν=1/3

±1%

±2%

!"-! "#""! "#"!" "#!"" !

!"

!""

!"""

!"!

$ [%/&'(]

!(
")

[(
#
$%
/&
)!
]

⇒ QG’s prediction of b agrees with observations!
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Constraints on 9( / 5

ξ=5300×7 Mpc)

* Data seems to favor a smaller value of [" (or 1/ξ) from the lattice.
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Hartree-Fock Running of G

`

Selfnote:
Compare HF to purple curve (the adjusted c0)
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AngulariCMB Power Spectrum :)
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Angular CMB Power Spectrum :)

Transfer functions:
(completely determined by classical GR)
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Angular CMB Power Spectrum :)
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Analytical approach 

(– based on a number of what we regarded as sensible approximations)
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Numerical Programs

Modified Gravity Programs:

MGCAMB

ISiTGR

MGCLASS

CAMB CLASS

Original CMB Programs

( → ( 0

with H. E. Pituwala, H.W. Hamber
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II. Numerical Results

IV. Conclusion • < 7
• FPQQ

What else can we measure?
• !" # = density fluctuations (at #) →  $ %
• Δ' () = temperature fluctuations of CMB *'s (in the direction ()) →  +PQQ

Other information:
• E-mode polarization of CMB *’s
• B-mode polarization of CMB *’s

• Lensing potential , of CMB *’s
- Δ.R = ∑S1RS () .S where .R = deflection angle (⊥ to ()), M = “shear matrix”
- Tr1 () ∼ ∇T, () where , = lensing potential.

Can measure and plot a spectrum for these.  
Does QG has any effect on them?
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Other Cosmological Power Spectra
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• < 7
• FPQQ

• FPUU
• FPVV
• FPQU

• FP
WW

• FPQW

• FP
UW

• FPUV = FPQV = FPVW = 0
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Other Cosmological Power Spectra

E- & B-modes also measured by BICEP

g-modes also measured by ACT and SPT
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Calibrating the Numerical Programs

ΛCDM (ISiTGR)

ΛCDM (MGCAMB)

ΛCDM (CLASS)

c0=0 (ISiTGR)

c0=0 (MGCAMB)

c0=0 (MGCLASS)
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Calibrating: by running [" = 0

against 

base default “ΛCDM” program
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Numerical Results

Numerical Classical ΛCDM (c0=0)

Numerical QG with c0=1.146
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Matter Power Spectrum ; 6
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Numerical Results

Numerical Classical ΛCDM (c0=0)
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Angular CMB Temperature Spectrum :)**
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Numerical Results

Numerical Classical ΛCDM (c0=0)

Numerical QG with c0=1.146
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Cross Temperature-E-mode Spectrum :)*+

T = temperature
E = E-mode polarization
of CMB photons
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Cross Temperature-E-mode Spectrum :)*+

H. W. Hamber H. E. Pituwala K. and L.H.S. Yu, “Gravitational Fluctuations as an alternative to Inflation III. Numerical Results”, May 2020

h;
<<

T = temperature
E = E-mode polarization
of CMB photons

h;
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Numerical Results
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Numerical Results

Numerical Classical ΛCDM (c0=0)

Numerical QG with c0=1.146

Numerical QG with c0=8.02
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Numerical Results

Numerical Classical ΛCDM (c0=0)

Numerical QG with c0=1.146
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ACT and SPT data 

(outside of range, mostly in 

large-+)
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Numerical Results

Numerical Classical ΛCDM (c0=0)

Numerical QG with c0=1.146
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Comparison with Inflation

Inflation – the original picture

• Proposes à scalar field g

• Fluctuations from gg

• Calculated with pert-QFT methods

• Relates gg
@,*

)i)i

• Normalizes on CMB scales (small k)

• Extrapolate to SDSS scale (large k)

QG – an alternative picture

• Curvature/Gravitational field <

• Fluctuations from <<

• Calculated with nonpert- methods

• Relates <<
=A=

)i)i

• Normalizes on SDSS scales (large k)

• Extrapolate to CMB scale (small k)

I. Introduction

II. Quantum Gravity

III. Our Results

IV. Conclusion
I. Comparison with Inflation
II. Summary

Radically different perspective!  
Arguable more grounded?

• 1. No new fields required

• 2. Standard techniques based on Feynman P.I. & Wilson’s RG analysis

• 3. Very limited free/adjustable parameters in the theory

• Or, Possibly coexists??

• Hopefully testable in near future,

• 1. more precision data on large scales

• 2. more theoretical studies, 

– (a). better understanding of effects on spectra (programs, parameters)

– (b). other cosmological implications of QG 
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Comparison with Inflation
I. Introduction

II. Quantum Gravity

III. Our Results

IV. Conclusion
I. Comparison with Inflation
II. Summary

1) Nonperturbative methods provide a useful theory of quantum gravity

2) Provides radically alternative picture to Inflation

3) Provides testable predictions for future

• Possible Future work: 
– Further investigation into numerical programs of modified gravity

– Explore current measurements with upcoming observations

• (SPT-3G, CLASS, BICEP3, ACTPol…)

– Other cosmological effects: 

• Bispectrums, Tri-spectrums, Tensor Perturbations, tensor-to-scalar ratio…
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Conclusion

Publications
• H. W. Hamber and L.H.S. Yu, “Gravitational Fluctuations as an alternative to Inflation”, Jul 2018
• H. W. Hamber and L.H.S. Yu, “Gravitational Fluctuations as an alternative to Inflation II. CMB Angular Power Spectrum”, Oct 2019
• H. W. Hamber H. E. Pituwala K. and L.H.S. Yu, “Gravitational Fluctuations as an alternative to Inflation III. Numerical Results”, May 2020
• H. W. Hamber and L.H.S. Yu, “Dyson’s Equation for Quantum Gravity in the Hartree-Fock Approximation”, Oct 2020
Special thanks to Prof. Stan Brodsky (SLAC) for discussions over Fall 2019.
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Conclusion
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Cosmological Implications of 
Quantum Gravity

I. Introduction
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IV. Nonperturbative effects
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Compare ;(6) to :)
I. Introduction

I. The Cosmic Mystery

II. A Unique Solution

II. Background
I. Power Spectrum

II. Nonperturbative Approach to 

Quantum Gravity
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V. Constraints on ν
VI. Constraints on ξ

IV. Angular Power Spectra
I. From P(k) to Cl

II. The Analytical Result

V. Numerical Results
I. Numerical Programs

II. Numerical Results

VI. Conclusion
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E-mode Polarization Spectrum :)++

E = E-mode polarization
of CMB photons
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B-mode Polarization Spectrum :),,

B = B-mode polarization
of CMB photons
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Photon Lensing Potential Spectrum :)--

ACT and SPT data 

(outside of range, mostly in 

large-+)

, = lensing potential
of CMB photons
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Cross Temperature-Lensing-Potential Spectrum :)*-

Numerical Classical ΛCDM (c0=0)

Numerical QG with c0=1.146
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T = temperature

, = lensing potential
of CMB photons
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Cross E-mode-Lensing-Potential Spectrum :)+-

Numerical Classical ΛCDM (c0=0)
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, = lensing potential
E = E-mode polarization

of CMB photons
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