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Cosmological Implications of Quantum Gravity

Q How can one connect cosmological phenomenology to
microscopic aspects in QF T/ Particle Physics?

The Mystery
in Cosmology

- Galaxy distributions
- Matter correlations
- CMB power spectra
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The Solution from
Quantum Physics

- Correlation Functions
Running of couplings
- Vacuum Condensate

Our Results

How to measure/quantify them?
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Inflation?

Mystery (#1):

hy do galz

Whyisy ~27?

(or equivalently, s = 1)

Along mystery since 1960’s

Other possible explanation?
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1. Introduction )
I The Mystery in Cosmology Theoretical observation 1:

I SoltioninPariclePhysics . G relates Gravity to Matter
Il Quantum Gravity
Il Our Results 1 _

R, 59wl = 81 G Ty,
R=8nG p

. Conclusion
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Theoretical observation 2: it [yt Xt o3
« QFT is excellent at calculating correlation functions!l s i e

Q:

= Can we apply QFT to Gravity?

« Are such predictions reliable?

* How well do they match with data?

Southampton Quantum Gravity

Introduction
. Quantum Gravity
I Defining the Theory
Il Main Challenges
Il Nonperturbative Methods
IV, Nonperturbative effects
IIl. Our Results
IV. Conclusion

What is “Quantum Gravity”?

Follow the path of QED/QCD!

QG = direct combination of:

+ Einstein’s classical General Relativity (1916)

1
Slgwl=——— [ d* R—2)\
) = T | AoV (R=2)
* Quantum Mechanics, in the form of Feynman’s Path Integral:

s~ fepetebon

S[gy] = Einstein-Hilbert action w/ cos. constant

[dg,y] = DeWitt functional measure

Southampton Quantum Gravity

1. Introduction

. Quantum Gravity S ] = 1 /d"z\/g(nf 2)) 7= f[dguv] e#Slow]
I Defing the Theory 167G

Il Main Challenges AN /

Il Nonperturbative Methods
1
Zeom = ./[dguv] exp{fh) ./dx\/‘EJr m/r{xﬁR}

IV, Nonperturbative effects
Il Our Results
IV. Conclusion

Main Challenges with Quantum Gravity:

(1) Short distance theory is ultimately uncertain.

(2) Theory not perturbatively renormalizable.

Southampton Non-perturbatively renormalizable theories

Introduction & N .
Main Challenges with Quantum Gravity:
. Quantum Gravity
. Defiing the Theory (1) Short distance theory is ultimately uncertain.
Il Main Challenges (2) (Unlike QED) Theory not perturbatively renormalizable.
il Nonperturbative Methods
IV, Nonperturbative effecis
IIl. Our Results

. Conclusion Uniqueness
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Higher order operators (R?) = Short distance physics (< 107*3cm),
* 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=

Non-perturbatively renormalizable theories

Southampton

Introduction & : o
" Quantum Gravity Main Challenges with Quantum Gravity:

. Defining the Thecry (2) (Unlike QED) Theory not perturbatively renormalizable.
Il Main Challenges
Il Nonperturbative Methods
IV Nonperturbative effects
IIl. Our Results
IV. Conclusion

Difficulty with Perturbative Gravity:
Zeow = / [gur] exo{ %0 / dx /g ml: = / ar/gR}

« Theory is Highly Non-Linear v 4 % + "
— "Gravity gravitates”
— (oo vertices!)

* Perturbation Theory in G is useless
— "Not perturbatively renormalizable” ! .
— k-integrals diverge! V(k) ~ h-0h-0h ~ K —

Southampton Non-perturbatively renormalizable theories

1. Introduction
Il Quantum Gravity
Defining the Theory
Il Main Challenges
Il Nonperturbative Methods
IV, Nonperturbative effects Qb
lll. Our Results ° . .
! Quarks and gluons are confined, Main theoretical
IV. Conclusion 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.

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

« Superfluid . By = h\[ng(T) Vieeo/m k
Described by condensate density.
« Degenerate Electron Gas Vi)~ S et g = ok
T

Screening due to Thomas-Fermi mechanism.
+ Homogeneous Turbulence
Observables ~ (r-R.)" R.= critical Reynolds no.
(Kolmogorov)
- Ferromagnets
Spontaneous Symmetry Breaking & dimensional
transmutation

Southampton Non-perturbatively renormalizable theories

Introduction

. Quantum Gravity
I Defining the Theory

Do these theories make accurate predictions?

. Main Challenges
Yes!
V. Nonperturbative effects
lIl. Our Results *E.g.: The Nonlinear Sigma-model (Gell-Mann):
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. Conclusion

50) =} [ ¢ 0,000)-0,0)
Ad-2
20 = [uael T s6te) o)1) ex0 (- 25500 + [ 0)-0))
+ = a not perturbatively renormalizable theory in 3D,

« = describes ferromagnets in 3D,

« = second most accurate prediction (on critical exponents «,p, ...)
of QFT (after g-2 measurements of QED)!

= Nonperturbative methods

Introduction

. Quantum Gravity
. Defining the Theory

Nonperturbative methods:

b NS e Anlytical methods:
V. Nonperturbative effects — d=2+¢ dimensional expansion (Wilson/Weinberg),
lll. Our Results — Modern RG analysis (Wilson),
IV. Conclusion — 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!
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Il. Quantum Gravity
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IV. Conclusion

Nonperturbative methods:

Analytical methods: 2+¢ 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 &
Nontrivial Critical Scaling exponents for correlation functions »

RG Running of coupling constants g

and so on...

All play a role in gravity!
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|x = y| = r = geodesic distance Perturbative 2 T ¢ expansion fo onc oop [22] T
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All play a role in gravity! OR = fluctuations in R Tnstein-Thlbert RQ trancation [56]
In general one does not expect Gaussian exponents Recent improved Einstein-Hilbert RG truncation [57)
Geometric argument [33] puae ot (1) ~ 1
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Il Our Results RG Running of coupling constants
. Conclusion 1 IV. Conclusion Nonperturbative scale ¢ — regulates expressions in /R-limit IV. Conclusion Renormalization Group Eqns (RGE) = Running of coupling “constants”
Gr(r) = (SR(x)6R ~ || ~ y
R( )= @ (y) ) r2d-1/v) QCD case: Gravity case: QCD case: Gravity case:
+ Various methods: . 1 1 as - as(k G- Gk)
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Noulocal ficd cqutions with G(L) for the statle metric ] | -7 = 4~ Tior 51 Noco 1v=3
No adjustable parameter (except Aqeq!)
T Q: Relate these to Cosmology? =
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Il Quantum Gravity Nonperturbative scale Il Quantum Gravity Tegmark SDSS DR2 (2004) Il Quantum Gravity
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Il The CMB Regime But radiation behaves quantitatively different than matter in realtivity.
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<

Southampton

Constraints on v

Southampton

I. Introduction

IIl. Quantum Gravity

1l Our Results
The Matter Power Spectrum
I The Galactic Regime
Il The CMB Regime
Il The Extreme Small-k Regime
IV, Constraints on parameters
The Angular Temperature Spectra
Numerical Resuls

IV. Conclusion
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Angular CMB Power Spectrum C;

a = % / & / &R Li(i - 7)) ( AT(R) AT(R) )
A

1

I
@ 1672 T2 / - qﬂ[ kTP [ Frla) + i) Fo(a) |
\

Transfer functions:

T (), S(x) and A(x)
(completely determined by classical GR)

Filg) = RT: 37(%) Ry - e Rt e (s (%) con [":T” +A(“"")”
R =2 %3 Ryt e (E)'s (%) dn ["aﬂ +a (%”)

L

Other Cosmological Power Spectra

What else can we measure?

* 8p(x) = density fluctuations (at x)
« AT () = temperature fluctuations of CMB y's (in the direction i) — C]T

Other information: NN
+ E-mode polarization of CMB y’s 7N L/
+ B-mode polarization of CMB y’s :.‘M,;\‘
. 5o R i TN

Lensing potential ¢ of CMB y's
- A8, =¥, M,,(7) 6, where 6, =deflection angle (L to fi), M = “shear matrix”
TrM () ~ V2¢(R) where ¢ = lensing potential.

Can measure and plot a spectrum for these.
Does QG has any effect on them?

H. W, Hamber and L H.S. Yu, “Graviational Fuctustions as an allemative fo
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Analytical approach
(~based on a number of what we regarded as sensible approximations)

r Cosmological Power Spectra

AT() = T(R) Ty = Y ab, ¥;"(3)
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E- & B-modes also measured by BICEP
¢-modes also measured by ACT and SPT

r=cl? =0



Southampton Calibrating the Numerical Program

Southampton
Introduction

Numerical Results Numerical Results
1. Introduction I. Introduction i

IIl. Quantum Gravity Il. - Quantum Gravity IIl. Quantum Gravity
lIl. Our Results | IIl. Our Results 1ll. Our Results

The Matter Power Spectrum " The Matter Power Spectrum

The Angulr Temperaiure Spectra The Angular Temperature Spectra

Numerica Results

1. Numerical Programs "

I Numerical Rosuls

Numerical Results

A e I Numerical Programs
6= 6o 14200 (5) w0 () I Numerical Results

<

The Matter Power Spectrum
The Angular Temperature Spectra
Numerical Results
I Numerical Programs
. . . e I Numerical Results
. Conclusion ) . . Conclusion w -
Calibrating: by running ¢, = 0
against

. Conclusion X
base default “ACDM” program

<

<

@K and LHS.

ermaive o Infiaton . N

Southampton Matter Power Spectrum P(k)

Southampton Numerical Results Southampton
I. Introduction I. Introduction ;
Il Quantum Gravity
lll. Our Results

Il Quantum Gravity
The Matter Power Spectrum

Angular CMB Temperature Spectrum C/"

I. Introduction
2500 N
o HI g“a'g”m ‘G”’V“Y «  CMB(Planck 2018)
ur Results . Our Results : ; .
rrrrr Error-weighted fit to observational data
The Matter Power Specirum The Mater Power Specirum N e
The Angular Temperature Spectra The Angular Temperature Spectra The Angular Temperature Spectra Numerical -al ACDM (¢=0)
Numerical Results Numerical Resuls Numerical Results 2000 Numerical QG with ¢=1.146 1
I Numerical Programs I Numerical Programs L. Numerical Programs Numerical QG with ¢,=8.02
Il Numerical Results — 1000 Il Numerical Results Il Numerical Results ' 4
IV. Conclusion 2 A\ e\ IV. Conclusion IV Conclusion

= C(’c):!::.[1+2q.(kl*mz) »a((kuml))] 1500

= 100 + CMB data (Planck 2018)

i + Goloxy dota (SOSS DR 14)

IS 1000

10
500
- =802 (Numerca)
1
5.x107* 0.001 0005 0010 0050 0.100 0.500 0 10 20 30 40 50
K [hMpe |
W.Hamber i E Puwaa K and LHLS. Yo . W. Hambor . E Pitwala K and LHLS. Yo, G —

Southampton

Numerical Results Southampton
Introduction
Il Quantum Gravity

Numerical Results

o sy or TE
Southampton Cross Temperature-E-mode Spectrum C;
: 1. Introduction P I Introduction
B i T et et «  CMB (Pland omperature
II. Quantum Gravity 10 iy Il Quantum Gravity \ (CMB (Planck 201) E = E-mode polarization
lll. Our Results 11l Our Results — Numerical QG with 1146 lll. Our Results 10 \ Error-weighted fit to observational data of CMB photons
The Matter Power Spectrum . The Matter Power Spectrum R Mol GO b aencz 1 + The Matter Power Spectrum Numerical Classical ACDM (¢y=0)
The Angular Temperature Spectra ‘The Angular Temperature Spectra o The Angular Temperature Spectra Numerical QG with ,=1.146
Numerical Results. P Numerical Results K Numerical Results
1. Numerical Programs . sol| . . N . I i - . . 1. Numerical Programs e [
I Numerial Results . : I Numerical Resuts
. Conclusion IV. Conclusion

Numerical Programs
Il Numerical Results
T T V. Conclusion

Numerical QG with ¢,=8.02

o

H. W, Hamber H. E Pt

andLHS. Y

an altemative to nfiation

H. W Hmber H.

S Yo, “Gravitational Fluctuations as an aften

Vermative o Infe



Southampton

Cross Temperature-E-mode Spectrum ¢

Southampton

Numerical Results

Southampton

Numerical Results

2500 BT —

—— Numerca Clasical ACDM (-0,

c’

G 2r (i)
g

H. W, Hamber H. E Pituwala K. and LH.

Southampton

150x10°7
pperT——".
1.25x107 — Numercl 0 with 1146
— Nomeral QG with -0z
& 7
o MOOXI0T " AGT and SPT data
5] (outside of range, mostly in
= large-1) 7
= 750x10
5.00x10°"

3 UNIERSITY OF
Southampton

I. Introduction

Il Quantum Gravity

lll. Our Results

IV. Conclusion

Comparison with Inflation
Il Summary .

<~ Error-weighted it 0 observational

with 41,146
- Numerical QG with =802

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

CMB (Planck 2018)
nal data

Error-weighted fit to observs
imerical Classical ACDM (¢;=0)

—— Numerical QG with ¢,=1.146

——— Numerical QG with ¢,-8.02 {

attermative o Infltion I, Numerical Resuls", May

Numerical Results

[7as

10 2 50 vt 5o
1 3 Vi '

¢ = lensing potental oo

T+ Temperature

£ E-mode polarzation s

of GME photons

Comparison with Inflation

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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Numerical Results

Conclusion

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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Comparison with Inflation

Inflation — the original picture QG - an alternative picture

+ Proposes - scalar field ¢ « Curvature/Gravitational field R

+  Fluctuations from (¢¢) «+ Fluctuations from (RR)

« Calculated with pert-QF T methods « Calculated with nonpert- methods

- Relates (RR) — (5p5p)
cales (small k) + Normalizes on SDSS scales (large k)
Extrapolate to SDSS scale (large k) - Extrapolate to scale (small k)
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Normalizes on
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Conclusion
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= Polari nal is small: ~100x weaker than temperature anisotropies!
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The buzz about B modes

E modes are the CMB's “intrinsic polarisation”

= We expect them o be there b of scattering processes in the CMB

emperature anisolropies predict E-mode spectra with almost no extra information
= Not only that, but ” CMB scattering physics ge LY Emo
So then where do B modes come from?

10%) at 10 secafter big bang,

/e background that leaves a B-mode
e of the E-mode

nat igh" neutrinos.

? Degree vs. arcminute

The moral of the story: B modes tell
us things about the universe that
temperature and E modes can't



