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OUTILINE:

General Relativity as an Effective Field Theory

Quantum Formalism for weak gravity
EFT 1-loop action quadratic in gravitons
- quantum correction in Newtonian potential
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Important ( > 26 yrs) Discoveries in Cosmology/Astronomy/Local ((solar system) measurments
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GR as an Effective Field Theory (EFT)

Low energy degrees of freedom organize themselves as quantum graviton fields, A,,
governed by a local Lagrangian, in general containing non-renormalizable terms
suppressed by powers of a heavy scale. Nevertheless, one can make predictions
without knowledge of the full high energy Quantum Gravity theory.

G. ‘t Hooft & M. Veltman,
Ann. Inst. Henri
UV(upknown) Poincaré A20 (1974) , 69

J.F. Donoghue,
PRD50 (1994), 3874,
GR EFT 9512024 [gr-qc]

(cf. asymptotic 2211.09902 [hep-th]
safety etc)

Full Quantum Gravity
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GR as an Effective Field Theory (EFT)

Low energy degrees of freedom organize themselves as quantum graviton fields, A,,
governed by a local Lagrangian, in general containing non-renormalizable terms

suppressed by powers of a heavy scale. Nevertheless, one can make predictions
without knowledge of the full high energy Quantum Gravity theory.

UV(upknown) ’
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- conventions of il

9512024 [gr-qc]
va = aVP;\;A - al\rﬁv + I‘ZAPtA/a - szrﬁa
N ng'
Top = =5~ (0a9po + Bpgac — 8oap) -

2 _ —
k® = 32nG,g = detg,,, p_ g**R,,
Metric signature: (+, -, -, -) ( particle physics (Dirac, S. Weinberg)”’)

Indicative Example of matter : (massive) scalar fields interacting with gravity

Smatter - /d43\/fg [%guva}lwxl‘ﬁ - %m2¢2]

Stotal — Sgrav + Smatter



. _ . J.F. Donoghue,
Wealke Quantum—Grravikton Fluckuakiowns : PRD50 (1994), 3874,

SPaae&E,me-Bo\clfgrou.hci-»depehdem& a\pproaﬁk 9512024 [gr-qc]

~

Notation : gl(LOJ — E,LW

pv = ng/) +rhu),  [Rh| <1
crond Bl N[ =2 /570)

satisfies classical
L —1
= 2 My,

gravitational eqs (Quantized)




. _ . J.F. Donoghue,
Wealke Quantum—Grravikton Fluckuakiowns : PRD50 (1994), 3874,

SFm‘:e?:ime-—-Baakgroumd-dapehdev\?: approach 9512024 [gr-qc]

~
Notation : g,l(LOV) —> E,LW

pv = QES/) +rhu),  [Rh| <1
crond Bl N[ =2 /570)

satisfies classical
L —1
= 2 My,

gravitational eqs (Quantized)

contrast with UV complete full (strongly coupled, non-perturbative )

quantum gravity (QG) theory (still unknown) which is supposed to be background independent
- generate dynamically spacetime -> includes at low energies, weak gravity limit GR as EFT

Various approaches of UV complete QG :

(i) background independent : loop QG, spin-foam models,
group-field theory

(ii) (so dfar) Background dependent: string theory « o e



| . _ . J.F. Donoghue,
Wealke Quantum—Grravikton Fluckuakiowns : PRD50 (1994), 3874,

SFm‘:e?:ime-—-Baaksrou.md-depehdev\?: approach 9512024 [gr-qc]

~
Notation : g,l(LOV) —> E,LW

pv = QES/) +rhu),  [Rh| <1
crond Bl N[ =2 /570)

satisfies classical
L —1
= 2 My,

gravitational eqs (Quantized)

contrast with UV complete full (strongly coupled, non-perturbative )

quantum gravity (QG) theory (still unknown) which-i i ent
- generate dynamically spacetime -> dacludes at low energies, weak gravity limit GR as EFT

Various approaches of UV complete QG :

(i) background independent : loop QG, spin-foam models,
group-field theory

(ii) (so dfar) Background dependent: string theory « o e



. _ . J.F. Donoghue,
Wealke Quantum—Grravikton Fluckuakiowns : PRD50 (1994), 3874,

Spacetime-Background-dependent approach 9512024 [gr-qc]

~

Notation : gl(LOJ — E,LW

pv = QES/) +rhu),  [Rh| <1
crond Bl N[ =2 /570)

satisfies classical
L —1
= 2 My,

gravitational eqs (Quantized)

9uv = Guv + Khyy , (exact)

gpuzgpu_nhpv+n2h};hkv+“_ 2

Sufficient approximation for weak QG effective action: G.‘t ngoftl& :V'F-IVel.tman,
. . . . . nn. INSt. Aenri
quadratic terms in graviton excitations h, & @ one loop Poincaré A20 (1974) , 69

- matter interactions: (massive) scalar fields




Weak QG effective action : G. ‘t Hooft & M. Veltman,
. . . . . Ann. Inst. Henri Poincaré A20 (1974), 69
quadratic terms in graviton excitations h,, &
@ one loop:
-Pure gravity: all UV divergencies absorbed

in field (graviton) normalization Weak Gravity EFT
- Matter interactions: (massive) scalar fields

UV Divergencies in physical Quantities remain as a Gauge Theory

AN

- Infinitesimal diffeomorphisms

GR Lagrangian is invariant under gauge transformations
- general coordinate (diffeomorphism) invariance

- redundant d.o.f. gravitational field
- need for gauge fixing




Differences from ordinary (e.g Yang-Mills (YM)) G- ‘t Hooft & M. Veltman,
. Ann. Inst. Henri Poincaré A20 (1974), 69
gauge theories:

In YM : gauge trnsf 2 vertical bundle automorphisms
acting only on the internal space”

Weak Gravity EFT

In Gravity: general coordinate (diffeomorphisms)
as a Gauge Theory

are active trnsf. changing spacetime points &
acting on th tangent space of a manifold at a point
—> passive point of view: generated by Lie derivative on metric £5guy

GR Lagrangian is invariant under gauge transformations
- general coordinate (diffeomorphism) invariance

- redundant d.o.f. gravitational field = Infinitesimal diffeomorphisms

- need for gauge fixing




Differences from ordinary (e.g Yang-Mills (YM))  G. ‘t Hooft & M. Veltman,
. Ann. Inst. Henri Poincaré A20 (1974), 69
gauge theories:

In YM : gauge trnsf 2 vertical bundle automorphisms
acting only on the internal space”

Weak Gravity EFT

In Gravity: general coordinate (diffeomorphisms)
as a Gauge Theory

are active trnsf. changing spacetime points &
acting on th tangent space of a manifold at a point
—> passive point of view: generated by Lie derivative on metric £5guy

GR Lagrangian is invariant under gauge transformations

- general coordinate (dlffeomorphlsm) |pvar|ance > Infinitesimal diffeomorphisms

need for gauge fixing




Ordinary Non-Abelian
Gauge Theories



m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Gaugetrnsf: A = A°T* = UAU' + —(9,U)U' ~ A, + -D,0,
g 9
D, = (D.0)*T*, (D,0)"=0,0"+g[f*" A,0° ,l69] « 1

infinitesimal

Gauge fixing gauge trnsf

(e.g. Lorentz gauge ) 0, A" =0 — 3MA“J + 0, (5“9) = G(EZ, Qb) = (



m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Gauge trnsf: A = AZT“ UAUJr + — ((9 U) Au + —Duﬁ,
9 9
D, = (D.0)*T*, (D,0)"=0,0"+g[f*" A,0° ,l69] « 1
infinitesimal
Gauge fixing
(e.g. Lorentz gauge ) 0, A" =0

gauge trnst

0, A" + 0, (D"9)

Introduce this constraint In the path integral via 6-functional XY

- /dy/d“’ 5y — f(z)) S



m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

— 1 —
Gauge trnsf: A = AT = UA Ut + — (8 U)U' ~A,+-D,0,
g g
D, = (D.0)*T*, (D.0)"=0,0"+g[f*"A,0° ,169] <« 1

infinitesimal

Gauge fixing
gauge trnsf
(e.g. Lorentz gauge ) 0, A" =0 —

Introduce this constraint In the path integral via 6-functional XY

| oG
- /dy/da:5(y— f(z)) el 5 6(y— f(z)) = 6(G(y, z)) (—y) > assume % > 0,

> | z= / dy / :v—d(G(y,a:)) iSa]



m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Gaugetrnsf: A = A2T* = UA Ut 4 - (5‘ U)U ~A,+-D,0,
g g

D, = (D.0)*T*, (D,0)"=0,0"+g[f*" A,0° ,169] « 1

infinitesimal

Gauge fixing
gauge trnsf
(e.g. Lorentz gauge ) 0, A" =0 —

In the non-Abelian G%z) = 8“;12 (z) +w(xz), a .. dim[G]

Gauge case

| oG ()  upa s@).
7 = /d@/dA—(S(G(G,A))e’S[A] ) - O Pmo @)




m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Gauge trnsf: A = AZT“ —UAU + 3((’)MU) Ul ~ A,+-D,0,
g g
D, = (D.0)*T*, (D,0)"=0,0"+g[f*" A,0° ,169] «< 1

infinitesimal

Gauge fixing
gauge trnsf
(e.g. Lorentz gauge ) 0, A" =0 —

In the non-Abelian G%z) = 8“22 () +w(z), a=1,..., dim[G]

Gauge case




m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Gauge trnsf: A = AZT“ —UAU + E(E)MU) Ul ~ A,+-D,0,
g g
D, = (D.0)*T*, (D,0)"=0,0"+g[f*"A,0° ,l69] « 1

infinitesimal

Gauge fixing
gauge trnsf
(e.g. Lorentz gauge ) 0, A" =0 —

In the non-Abelian
Gauge case



m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Repr.esent FP deterrpmant Asz Det[dG (I)]oc /Dch exp( /d4:1: LFP)

using Grassmann fields 59b

/ &z Lpp

/d‘l:cEa@“Da bcb:—/d4:r(9“EaD“ by CP

- /d4a: "¢, 0, c* /d4:zr g % oFe, Az c?



m Gauge fixing in (non-Abelian) gauge theories = Fadeev - Popov ghosts

Represent FP determinant
using Grassmann fields

/ &z Lpp

wrong sign Kinetic term
-> Fadeev Popov Ghosts

|
—
Q
—
~

- /d4a: "¢, 0, c* /d4:1: g % oFe, A c?




m Using  G%(z) =0"Ajj(z) +w(z), a=1,...,dim[G]

and gauge invariance of the YM action Sy,,and Z

el iS[A]
/dﬁ/ . 5 G(0,4))e X f(wa) any function of w* will not

affect Z due to Gauge Invariance



m Using  G%(z) =0"Ajj(z) +w(z), a=1,...,dim[G]

and gauge invariance of the YM action Sy,,and Z

l can chose this form

Z[J] / DA Dz De exp (zSYM + / d4rLpp — i / d4z 2—£ " A 6”Aa)

R: gauge -fixing term

- ghost + gauge-fixing sectors exhibit residual quantum symmetry: BRST symmetry
(Becci, Rouet, Stora, Tyupkin)



Back to (weak) Gqravity
as a qauwge Theory



Weak field Gravity as a (one-loop) Gauge EFT G. ‘t Hooft & M. Veltman,

Warming up: Classical considerations Ann. Inst. Henrl Poincaré A20 {1974) , 69

Background spacetime : Minkowski J.F. Donoghue,
PRD50 (1994), 3874,
9512024 [gr-qc]

R, = g 0,0,k + 050 hyy — 0N, — DO, | + O(h?)
R = k|OR\ —0,0,h™| + O(h?)

gauge fixing 1
harmonic gauge: 8Ahﬂ)\ — 58“]1)\)‘ Notation from now own:
o . | h = h?\
Einstein’s equations for linearized gravity
1 A
. GM
Solution for a static point-like mass M h,,, = diag(1,1,1,1) (2
r



Weak field Gravity as a (one-loop) Gauge EFT G. ‘t Hooft & M. Veltman,

Warming up: Classical considerations Ann. Inst. Henrl Poincaré A20 {1974) , 69
Background spacetime : Minkowski J.F. Donoghue,
PRD50 (1994), 3874,

o 9512024 [gr-qc]

R = 0,0, + 06 by, — 8,5, — DO, B, | + O(R)

R = k|OR\ —0,0,h™| + O(h?)
gauge fixing 1
harmonic gauge: 8)\]@#)\ — 58“]1)\)‘ Notation from now own:

hzh)‘)‘

Einstein’s equations for linearized gravity

1 — —ip-T
hm/ = —167G (Tuu o 577#1/T)‘)\> r hl“/ — Nem,e "+ h.c.

graviton dispersion

° ° < 2=
Plane-gravitational-wave solutions R,,, = 0 = 0Oh,,, p=7
H massless




Higher-order gravity > gravitational-wave (GW) energy momentum tensor in harmonic gauge

T, = —ihaﬂaﬂa,,haﬂ + %hapé‘,,h
+énﬂ,, (haﬁmhaﬁ — %hmh)
1 p p
-7 (PupBH®, + hypOh?, — by, OR)
128, {h h*h — lhh} _ .0 {h he? — lhh}
g\ Meh > T G 2
1 la o 1 a
00 (00 {hush®} + 8 { hush® }| 400 [h (8, by + Ouh)

Non-linearity of gravity !



Weak-field expansion about an arbitrary spacetime background

Guv = gpv + Kh“,, ’
gpv — g;.w — khbv + nzh';h'\" +

Analogy with non-Abelian gauge theories = gauge-fixing in weak gravity

1
— _— (A A vV AG
Lar 25(8 AM) (0" A2)

Fadeev-Popov ghosts

/ d* Lrp = / d*zc,0" DY " mmmm |Lghost = v —3N"" {n,,, - Rpun"}

complex Faddeev-Popov ghost field 75,



Expansion of the Einstein-Hilbert Action in powers of the weak field A,

2R
Semw = [ d'2v=7 [;- FLO 4 L0 4. ]

£ = 22 [grvR - 2R] |
1

2 4

cgz) — py;ah“v;a _ lh h;a + h;ahaeﬁ _ h“ﬁ;ah#a;ﬂ + R (_hz — %h“vh“") + (2h2hyA - hh“y) RI‘V .



Expansion of the matter Action in powers of the weak field A,

,
Smatter = / d*z\/=3 {L?n + L0 43 4 .. }

Background Einstein Egs:

L) = 3 (0,906 — m?¢?) |

LY = —ZhuT*

Tuw = 8,00.6 — 59 (0386*$ — m?¢?)

1 1
£$,2,) = K2 (%h“vhx - %hh‘w) 6p¢aV¢ £( ) + E( )IBackgr Eqs O

2

—% (h""h,\, — %hh) [8,00" ¢ — m?¢?]




One-loop weak quantum gravity = restriction to quadratic order in graviton fluctuations h,,
2R
So = /d“z\/—g{? +£$3)}
Squad — /d4m\/ _g{£g2) + LGF + Lghoat + E,(-,z;)} .

Path-Integral Quantization of weak gravity = generating functionals (formal expressions)

Z18) =™ = [(dh,ulidn,Je oo )

Full: matter + gravity generating functional

Non-local &
UV divergent /3 \

source fields

Z(7) =™ = [[dg)[dhyu) S BIND  AL— g



The strategy to deal with this theory

* Dimensionful coupling k? > non-renormalizable + non-linear theory
= UV cannot be absorbed in existing parameters

* Coupling grows with energy = strongly coupled at Planck energy
scales E > Mp : perhaps topology changing metric fluctuations
> full theory of Quantum Gravity (QG) yet unknown

(but there are candidates: loop QG, spin-foam models, strings)

Low-energy fluctuations much better behave, as they are very weakly coupled

k2q?> € [10-4°, 10-7°] for q> € [ (fm)2 , m2 ]

Naturally separate such low-energy (perturbative) quantum graviton fluctuations
from high-energy (non-perturbative) ones within the framework of Effective
Field Theory (EFT) of General Relativity (GR) (EFT methods popular in Particle
Physics for Beyond Standard Model (BSM) model searches and collider tests)



EFT Methods

Use symmetries of the theory to write all allowed local unitary terms in the effective
Lagrangian, compatible with the symmetries, after eliminating non-independent terms,
e.g. related through partial integration, mathematical identities etc

In Gravitation, symmetry is that of invariance under general coordinate transformations.



EFT Methods

Use symmetries of the theory to write all allowed local unitary terms in the effective
Lagrangian, compatible with the symmetries, after eliminating non-independent terms,
e.g. related through partial integration, mathematical identities etc

In Gravitation, symmetry is that of invariance under general coordinate transformations.

Derivative expansion is appropriate for separation (decoupling) of high-energy d.o.f.
from low-energy d.o.f. (M, = high-energy scale )

1 -1 q? ¢t J.F. Donoghue,
e.g. Taylor expansion of propagators, g2 << My? 2_ M2 . M2 M: T MS +--. PRD50 (1994), 3874,
¢*=%a Yu Vw VH 9512024 [gr-qc]

In pure Gravity we consider Curvature expansion as representing EFT of GR:
Example:

N\ = cosmological

2
Sgrav - /d4$\/—g{A + —n_zR -+-C1R2 -+ CzRuvR“V e il } constant

(NB: In (3+1)-dimensions Gauss-Bonnet topological invariant: 12, 5o RFVPE — 4R, R" + R* = ‘.7“;“ )



EFT Methods

Use symmetries of the theory to write all allowed local unitarv terms in the effective

Lagrangian, compatible with the symmetrles 1 elimina | ndent terms,
e.g. related through partial integration. - ?X * 3l ider Q ) ]
o oo
In Gravitation, symmetry is t+ « ) Q«(ﬁ“‘\\‘ \(\ er " ansformations.
o(\\\)' Y{\S \Q(\x é\@s
WO X 0\ el (\| vnlinea) AF hi
Derivative expan<’,, Q \O @"‘c e® w2 Q0" " vh-enrgy d.o.f.
from low-enc¢ \‘40,0 c@\\' e° \o‘ﬂ <« X o ws A
Y\o“ O% (\\Q' . J.F. Donoghue,
g\\ e o I\ | PRDS50 (1994), 3874,

Q
6 b(Qg\“\ 06 QQ |
In pure Gravity w. \‘0\5 o go cUre expansion as rep' L == ofGR:
Example: \\\\{&

grav - / d4$\/ {A + — R +CIR -+ CzR‘“,R#V

9512024 [gr-qc]

N\ = cosmological
constant

(NB: In (3+1)-dimensions Gauss-Bonnet topological invariant: IR, ,, R"'P° — 4R, R"" 4 R* = T



Quantum corrections in Derivative (energy) expansion for both pure gravity and matter

Set A =0today (current cosmological measurements indicate A = 2.5x10% GeV *)

Not relevant in local tests of Gravity,
but important for cosmological searches

ENERGY DISTRIBUTION
OF THE UNIVERSE

DARK
MATTER

NORMAL MATTER



Quantum corrections in Derivative (energy) expansion for both pure gravity and matter

Set A =0today (current cosmological measurements indicate A = 2.5x10% GeV *)

Not relevant in local tests of Gravity,
but important for cosmological searches

ENERGY DISTRIBUTION
OF THE UNIVERSE

) .
L, = \@{ER + 1 R2 + caR, R* + O(R3)}

1 I |
Ly = /9 {5( g’ 0,00, — m2¢?) paRs

e

+ dyR™ 0,00,6 + R(dag 8,00,¢ + dsm®¢?) + ...}

NORMAL MATTER

coefficients¢;: [¢;]1=0 -2 matrix elements will undergo the expansion: 1+ G q%; =1+ Az Agrav = Mp



Quantum corrections in Derivative (energy) expansion for both pure gravity and matter

Set A =0today (current cosmological measurements indicate A = 2.5x10% GeV *)

Not relevant in local tests of Gravity,
but important for cosmological searches

ENERGY DISTRIBUTION
OF THE UNIVERSE

2 ,
L, = \/E{ﬁR + c1R? + o R, R + O(RB)}

| Y |
Lm = \/a {s(g“”é)#c)()ug) - 771‘2(44)2)

e

DARK
MATTER

+ dyR™ 0,00,6 + R(dag 8,00,¢ + dsm®¢?) + ...}

NORMAL MATTER

coefficients¢;: [¢;]1=0 -2 matrix elements will undergo the expansion: 1+ G q%; =1+ Az Agrav = Mp

coefficients d; : [ d;] =-2 2 but for composite matter bodies O(d;) = < r2> (r = physical extent of the matter body) f

b d;: P’-Qj role analogous to charge radius in QED:
energy-momentum charge-radius quantum corrections of 0(a/m.2)



G. ‘t Hooft & M. Veltman,

) . . . Ann. Inst. Henri Poincaré
Use of background equations of motion, after inclusion of matter A20 (1974) , 69

J.F. Donoghue,
PRD50 (1994), 3874,

R - _1_9 R — 161G JSeff,matter
g : hag=0 9512024 [gr-qc]

2 Sghv

yields the following form for weak-quantum gravity effective
action (to quadratic order in graviton fluctuations A,, , including FP GF terms) :

_ 1 \ _ y
Seff = / di\/ﬁ{ﬁ(g) ~ ShapD* " hys +---}+ n { dyd* G — RW} "+ 0(12-3)}

1

D = 1" dyd )0 — Sg*Pdrd’ g™ + gV’ + d* g™ — 21 dpdy I,
_ 1 _ _ _
afB,vyé é — é ~v4 WA v,vé
+R(I Ao _ -z-gaf’g" ) + (g“BR" + R*Pg" ) — 4I*P R, I

1

I"‘ﬁ*'"s = 5 (g‘”gﬂ‘s } g"&g" 7) d, being a covariant derivative w.r.t. background



The quantum one-loop path Integral in a spacetime background g,

/[dhw erp{ /(1 l\/:{ R+ h,,,,,DWaﬂhaB}
K2

det DH*P
expTrin(DHP)

G. ‘t Hooft & M. Veltman,

Dimensional Regularization to handle UV divergencies e = 4 — Ann. Inst. Henri Poincaré
A20 (1974) , 69
Effective Lagrangian (1-loop UV divergent) in pure gravity: J.F. Donoghue,
_ : . PRD50 (1994), 3874,
,div) _ 1 | 7 T p matter fields also contribute 0512024 [gr-4c]
1loop 72¢ | 120 20" M such terms
(r) L (r) 7
So renormalized (r) c;, i=1,2 coefficients ¢1° = ¢1+ o’ = C9+

06072 -+ 27 16072



The quantum one-loop path Integral in a spacetime background g,

/[dhw e.rp{ /(1 l\/:{ R+ h,,,,,DWaﬂhaa}
K2

det DH*P
expTrin(DHP)

G. ‘t Hooft & M. Veltman,

Dimensional Regularization to handle UV divergencies e = 4 — d Ann. Inst. Henri Poincaré
A20 (1974) , 69
Effective Lagrangian (1-loop UV divergent) in pure gravity: J.F. Donoghue,
. : : PRD50 (1994), 3874,
,div) _ 1 I o 7 T p matter fields also contribute 0512024 [gr-cic]
1loop 72¢ | 120 20" M such terms
So renormalized (r) ¢;, i=1,2 coefficients o = c1+ : ) = eyt !
° v 1 C 06072 0 ? 16072e

: 2092 M. Goroff, A. Sagnotti
v _ . (div) af ) o !
NB: Pure gravity @ 2-loops : L) — 3880(1672) ¢ R 161 R o Nucl. Phys. B266 (1986), 799




The quantum one-loop path Integral in a spacetime background g,

/[dhw erp{ /d41\/_{ R+ hWD“"aﬁhag}

= detDH*P
expTrin(D* )

G. ‘t Hooft & M. Veltman,

Dimensional Regularization {gk e Ann. Inst. Henri Poincaré
A20 (1974) , 69

Effective Lagrang

div) _ 1

Lioop ™ g2, |

J.F. Donoghue,
PRD50 (1994), 3874,
9512024 [gr-qc]

M. Goroff, A. Sagnotti
Nucl. Phys. B266 (1986), 799




Why? simple example: four-graviton vertex @ tree-level (a) and 1-loop level (b)

Guv = Guv + K'hpv y
guv _ gpv — khPv + nzh‘;h’“’ + .

(a) (b)

Each graviton brings a factor k = Mp ! ‘ (a) : contribution of Einstein-Hilbert term
in the action:

2.2
MEiDNK'p

( p a representative of external momenta)

. 4_4
lagrangian at order E4 behaves as: | Muo ~ c15"p

Loop correction (b):
quadratically UV divergent internal loop

logarithms not powers of momenta = final momentum power of a graph = counting powers of K

Needs regularization/renormalization dimensional regularizaton preserves general covariance - only
(no mass scale in pure gravity) A



Strategy to deal with 1-loop weak-gravity PRDSD (1904), 3874
effective field theory coupled to matter ek

(1) Define the quantum degrees of freedom using the
lowest order [O(p?)] effective Lagrangian,

(2) Calculate the one-loop corrections.

(3) Combine the effects of the order p? and p* La-
grangians (given earlier in this section) at the tree level
with the one-loop corrections. The divergences (and
some accompanying finite parts) of the loop diagrams
may be absorbed into renormalized coefficients of the La-
grangian (m,c;,d;), using some renormalization scheme
which does not violate general covariance.

(4) Measure the unknown coefficients by comparison
with some experimental measurement.

(5) Having determined the parameters of the theory,
one can make predictions for other experimental observ-
ables, valid to O(p*) in the energy expansion.



Strategy to deal with 1-loop weak-gravity PRDSD (1904), 3874
effective field theory coupled to matter ek

(1) Define the quantum degrees of freedom using the
lowest order [O(p?)] effective Lagrangian,

(2) Calculate the one-loop corrections.

(3) Combine the effects of the order p? and p* La-
grangians (given earlier in this section) at the tree level /N
with the one-loop corrections. The divergences (and ‘a@
some accompanying finite parts) of the loop diagrams T
may be absorbed into renormalized coefficients of the La- ﬁ
grangian (m,c;,d;), usmg some renormahzatlon scheme

which does not violate ¢ Difficult part due to

weakness of graviby

one can make predxctlons for other experimental observ-
ables, valid to O(p*) in the energy expansion.



APPLICATION:

Weak-Quantum-Gravity Corrections
to
(low-energy, Newtonian) Gravitational Potentials
between two masses m; , m,




Feynman Rules for flat background g,, =1, (of interest ko us)

Graviton propagator in harmonic gauge:

1

iDpvaﬂ (Q) = Ppu,aﬂ

q? — i€

1
Puv,ap = 3 [Muamed + MvaMus — MuvNap]



P P p p
Matter-graviton vertices :
q k-q k
KV mA Pe

(a) (b)

—ZIC
5 (pppu + PPy — Guulp P — mz])

Flg (a) . Tuu(pap')—
iKk?2 1

Fig. (b):  Varpe = —-2—{1,,,\,051‘},,,,,, (p"p"’ + p°p'” ) = 5 (Ialpo,a8 + NpoInr,ap) PP

1 1
_5 (Lp\,pa — §nn»\77pa) [p ’ p, - m2] } y

1

Iagﬁa = 5 (na—mms + 770677[57) .



Graviton three-vertex

huv (uv s o
£ = £~ [¢" R - 2R"] ,

! 1
4

. 1 . o . _
ng) = §h,m,;mhmm.u _ Eh;ah'a + h.oh ‘;’ﬁ _ h,,p;ah“a’ﬂ +R (

B2 — %h“.,h‘“') + (2hAhyx — hhy) R* .

expand background metric k k+q '
§(z) = Ny + cH S (z)

Pick up one external and two
internal (quantum) fields
HV

(c)



Graviton three-vertex Feynman Rule

Tofb = > (Paﬁns [k“k + (k- q)*(k — q)¥ + ¢"¢" — 577“ qz]

A ) 3 A ) ] ’\ ) ) [} A )
20040 [I aaﬁl‘w‘vé +1 U'YGIwaﬂ -1 “aBIava o IayaBI “75]

A N A ’ A ’ ’
+ [qz\q“ (naﬂI v.,g + 77761 uaB) + QAqu(naBI “—75 + 77‘76I’\“a[,~)
—qz(naBI“v:ya + 77151“”’043) - n"”q"q”(naﬂlv«s,xa + 7775[06.4\0)]

20U e (b = 0+ T2 Lpo b = )Y = 1™l ok = I Lo ack”)
v

+‘12(Iwc’zﬂlvé,au + Lop.0 I7%5) + anAqﬂ(Iaﬂ,’\PIpix’s + I‘Y&«\PIW"’B)]
(c) 1
] 8+ (k= 0)%) (174 L + 1o s = 57" P )

1
Puvap = 3 [Muamup + Mvalpp — NuvNags]

Ing~s = 5 (NanyNBs + NasNpy)

L —(k*nys 1" 5 + (k — @)°napI*?) })
2



Applications: Tree-level Newtonian Potential of two masses m; , m,

matter

’
/\ graviton
Fig 1 / propagator
-
matter :
. _ 1 P
Tree Llevel graviton propagator Dyuvep(9) = 5 Fuv.ap

1
Puvap = 5 [Muafes + Mvafus — NuvNas)

VOpV(Q) = (P' I T#V |p>

! ! 1 2
= Publ, +pp.pu + §q Nuv

Matter stress tensor T, matrix element :

used State normalization condition: (P' |P) = 2E(27" )353(P - P')



Applications: Tree-level Newtonian Potential of two masses m; , m,

Graviton exchange @ tree level M, = _Vo(:z(q)D“”’aﬁ(q)V(f:};(—q).
The static limit corresponds to g, = (0,9q), |, ——V(l)(Q) m16,00,0
1 k%2 mims
Fourier transform of My ~ — 3 2> Newtonian potential:
2mq12mo 8 q

Standard classical resulk



Applications: Quantum Graviton 1-loop Corrections to the Newtonian Potential

OF ‘|'WO masses m,; , m; G. ‘t Hooft & M. Veltman

Ann. Inst. Henri Poincaré
A20 (1974), 69

. . .. . . J.F. Donoghue,
Dimensional Regularization to handle UV divergencies e — 4 — PRD50 (1994), 3874,

9512024 [gr-qc]



Applications: Quantum Graviton 1-loop Corrections to the Newtonian Potential
of two masses m; , m, N
ghosts

Fig 3 - ’

matter // \\
~ - = + f\/\/\o{\ /}f\f\/\/

e

graviton

propagator (a) (b)
Fig 4

matter

Fig 2

Form of
Corrections :

long-range propagation
of massless particles



Applications: Quantum Graviton 1-loop Corrections to the Newtonian Potential
of two masses m; , m, N
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Fig 3 - ’

matter // \\
~ - = + f\/\/\o{\ /}f\f\/\/

e

graviton

propagator (@)
Fig 4

matter T - . N .
T YD

Form of
Corrections :

long-range propagation
of massless particles



Applications: Quantum Graviton 1-loop Corrections to the Newtonian Potential
of two masses m; , m, N
ghosts

Fig 3 - ’

matter // \\
~ - = + f\/\/\o{\ /}f\f\/\/

e

graviton
propagator

matter

Form of
Corrections :

long-range propagation
of massless particles



dk . , 1 : : o c s
MW (4b) = / (_2_71.)?”'1'\(1”1’ — k) (k= p)2 —m? + ic iTpo (P — k,p')iD™ Bk — q)zﬂrgﬁﬁ&zpﬁé,pﬂ(k),

d* .
MM (4c) = / E k iV ot D™ (k — q)iThy  iD7*%% (k) .

)4

Viw = (' | Tyo | P)
= F1(¢%) [pup., +p.py +q
Normalization F, (0) +F2(¢%) [9uqv — 9409

Lorenz structure of the vertex

z’hw]

2

a2
Fi(¢%) = 1+ d1q* + k%¢® (81 + £31n ( qz )
M u : renormalisation- constants ¢; and ¢4 UV divergent
m2 group transmu- come from high-energy end of Io_op integrals
+£3 _q2) + ' tation mass lz, 83, zs, and le must be finite

—g? 2
Fy(q?) = —4(dz + ds)m? + k*m? ([4 +4:1n ( ‘; ) In(— q ) and \/—; - imaginary

for g2 >0 (tlmellke) => Unitarity

2
+4g _m_z) e, (The ellipses ... d; associated with unknown
—q denote higher powers of qz) UV-complete high-energy theory



Conjectures because we do not know the UV completion of weak gravity:

Combine the constants ¢; and ¢, with the constants d; to renormalized (r) quantities:

u : renormalisation-
group transmu-
tation mass,

Physical quantities
independent of u

2 v .
L, = \@{ﬁR + 1 R? + 3R, R + O(R3)}

bm = ﬂ{g(g“”aycbauc)— m2¢?)

e

+ dy R* 0,00,6 + R(dag 8,00,¢ + dsm*¢?) + ...}



. . . J.F. Donoghue,
~ofter several atgebrancqllj involved calculations, we PRD50 (1994), 3874,

obtain for the gravitational potential between two masses: 9512024 [gr-qc]

k2 1 . 1
_r _~ v - Duv,af : YUV, pO nA,af
4 2m, V' (9) [zD (g) +:D il pomatD ] Vap(9) oms,

i iK2 127 w2(my + m2)
~ 4 _ 2 (q? + const
TGmim, [q2 3572 [ o0 n(q‘) + 2 Jo cons

1-loop weak quantum gravity
corrections to Newtonian
potential between masses m; , m;

Gmimo . G(mq + my) 127 Gh

Vir) = r rc? 3072 r2c3



J.F. Donoghue,
PRD50 (1994), 3874,
9512024 [gr-qc]

>y

k2 1 . 1
_r _~ v - Duv,af : YUV, pO nA,af
4 2m, V' (9) [zD (g) +:D il pomatD ] Vap(9) oms,

i iK2 127 w2(my + m2)
~ 4 - U In(q?) + + const
TGmima [q2 39,7 [ 50 n(q®) 2 a2 co

1-loop weak quantum gravity
corrections to Newtonian
potential between masses m; , m;

Gmimo . G(mq + my) 127 Gh

vir) = r rc? 3072 r2c3



J.F. Donoghue,

Integrals needed for the calculation of the 1-loop quantum corrections prpso (1994), 3874,

to the Newtonian potential between two masses m, , m, 9512024 [gr-qc]
2 _ 2 2 -
=% ~4 L=1In(—¢?),S5 =n*m/\/—q?

external momentum p’ is on shell asis p =p' — ¢

d*k 1
(2m)4 k%(k — q)2 327r2

d*k k, 0
— —Ll+4---,
Ju _/ (2m)* k2(k — q2) T 3272 =L+

d*k  kuk, 0 2 o 1
o y —— —_ U _._L + ..
Tuw /(27r)4k2( k—gq%) 32n2 [q“q{ 3 } Iu q{ 6 }]

J =

[—2L] + --




dk 1 1 1 i
1= (2m)* k2 (k — q)% [(k — p')? — m?] 327r2m2[ -L-5],

- [ 3k Ky s ¢ 1g 1
I, = (2m)% k2(k — q)2[(k — P)? — m?] = 39722 [ {(1 + W)L + 2—25} + qu {—L— ES}] .

[ [ 4% kuk, N D B
w= | eme Rk = g [k - P ™ Farr [P
2 2 q?
L[ % kuky ko
wre ™ | (2m)* k2(k — )2 [(k — p')? + m?]

— 2 "'liL ' o a4 + ' ,,)_1q_2__q25,
= 32nmz | |PePvPay gmal| [t (PuPula + PuduPa + 4uPuPa){ — 3. 3L — ¢ —

1 5
Hquav Py + PLav s + 9P, 4a) [EL] + 04090 [—L ~ iES]

2 2 2
! ' / qg°L q*“S




Some steps of the computation

Without vacuum polarization

_V(l)( )Dpv,aﬂ(q)v(Z)( q) _ [ (1) (QZ)F(2) (g ){Pl .pzp’l . p’2 + p1 .p'2p2 . p’l —_ m%mg}

4 M 2q
2
q 2 2 1
+ L PO @D (@) + (@) F (@) |
approximate result in ~ Kmim; [ 1 + 2(dy — 2d; — 2d3)
static limit T2 g2 Loz s
p 2
K2 [(zz1 — £4) + (262 — £5) In (u—‘i) + (263 — £6) _m—qz] } ,
To get to configuration space, ¢ _iqr _ 53 / d3q p—iarl _ 1
one shall need : (2m)3 =0(a) , (2m)3 g 2m%r?
‘d3¢‘; ', . -1
(2'lr)38 Tlng’ = 223



Including vacuum polarization

generic expected structure

2 2 4 2
™ =K C -
(dimensional counting) (9°) 9 [ 1+c2+ 47+ fgln(—g )]
graviton-propagator modifications ;115 + ;1137’(‘12),1_12 een = { qlz + Kk%ey + ez + &7
NN S NS

+231n(—q?)] }

FP ghosts

2 . . .
(cf. Lga =c1 R + Cng,R“V , €1, unknown coefficients from higher-order Lagrangian )
{7,£g are constants caclulable in vacuum polarization graph

(7 is UV divergent but the combination (Cl +c2 + [7)
leads to a renormalizable parameter (in principle measurable)



Using the fact that any factor of 42 or (kK - g )? in numerator
removes non-analytic behaviour non external momenta p, e.g.

d*k 1 k? [ d*k 1 1
/ (2m)* k2 (k — ¢*) (k= p)? —m? / (2m)% (k — q)* (k —p/)* —m?
=/ dik’ 1 1 1) .
(2m)% k2 (k' — p)2 — m?

The result is a function of m? only. On redefining the variable k — g = k’ we eliminate
any q2dependence.

Also:




AF,

K™ q
3272

[0+ 2 + 0 — 2]In(—¢?)

-

-

-

-

25

— = +0+2+2

3

_1?31,1(_(12)] :

Hence non-analytic contributions yield :

No non-analytic

i ST s SN terms due to mass
§ § m of scalar field
] In(—g*)
Contains Infrared divergencies
é can be handled like in QED by adding
soft radiative terms
2 3 1 mm
Fi(¢*) =1+ 3;2q2 [-—Zln(—qz) + 16 _qz]
Zm?2[ 4 7 m®m
Fa(e®) = oy |3 (-0 + 5 5]



Dimensional regularization - e.g. vacuum polarization involving massless internal particles

dak 4—d ( u = transmutation
I(¢*) = N2ﬂ4_d/ (27r)df(k,‘I) = k’q" (g) [d i i b] mass scale,
e=4—d )
4—d 2
R R )
d—4 \ g d—4
1 1 q®
=— +-m(L)+0d-14
d_4+21n(“2)+ ( )

@ 1-loop (as mentioned above) : oo o o uivalent to log-part

G. ‘t Hooft & M. Veltman,
AAZnon.II:;;t‘i Hesr;rl Poincaré A‘:(1) 812 1 { 1;0}22 + Z-R,,,,R“”} O“f the %O i.omnhg gra!ok
( ) 4 J.F. Donoghue,

PRD50 (1994), 3874,
9512024 [gr-qc]



K 21 23 23
ogns = — In(—g¢?) {—_q4Iaﬂ75 + —q*Napnys — ‘l—z—a(naﬁq'y(u + Mv59a93)

3272 120 120

21 11

+520 (9a978y + 817185 + 488 7Ias + 4p86Man) + 35977 Q’qa} + (nonlogs) .

1
(Iap 6 = 5 (MayNBs + NasNpy) )

When reconstructing the Gravitational Potential, an addition form will be needed

1
(P uv,aff = 5 [ﬂuaﬂua + NMvaMup — nuuﬂaﬂl )

terms involving g, g,, etc. can be dropped since g, contracted with the vertex function gives a vanishing result.

pv
J.F. Donoghue, QuTapB~s = 0
PRD50 (1994), 3874,

9512024 [gr-qc] ’




J.F. Donoghue,
PRD50 (1994), 3874,
9512024 [gr-qc]

nz v, v, » X, 1
-TE_V(I)(Q) [zD“ ﬁ(q) + 1 D#YP94]1 an,\zD"’\ ﬁ] “ﬁ(q)fm_

i 2 [ 127 w2(my + m3)
~ — ———In(q? t
4rGmyim, [q2 3972 [ 50 n(q®) + 2 a2 + cons

l1-loop weak quantum gravity
corrections to Newtonian
potential between masses m; , m;

Gmlmz 1 G(m1 +m2) 127 Gh
r rc? 3072 r2c3

V(r) =






Other applications of weak Gravity as Effective Field Theory

(L) Axions and Gravity > Gravitational anomalies

> Chern-Simons (C$) G-rawt'.!:a + chiral gravitational waves

> gravitational-anomaly-Condensate-induced Inflation

(ii) Axions clouds in Rotating Black Holes

= Superradiam:e Phenomenon

> production of Squeezed entangled gravitons in
gravitational waves




(i) GravitationaL-CS-Condensate
induced Inflation:
Dorlis, Vlachos, NEM
PRD 110 (2024), 063512;

Universe 11 (2025), 15

N®: Conventions of the Part II follow those
in the following works: — (ii) Squeezed entangled gravitons

(-, +, +, +) in contrast to those from rotating Black Holes:
of Donoghue in Part I Dorlis, Sarkar, Vlachos, NEM

.. . . PRL135 (2025), 151501;
of course physics is non sensitive to this !
( PnY ) PRD 113 (2026), 026023;

e-Print: 2605.14797 [gr-qc]
(JMPD, 39 Award 2026 GRF Essays
on Gravitation)



https://arxiv.org/abs/2605.14797

Other applications of weak Gravity as Effective Field Theory

(L) Axions and GTQV&E? > Grravibnlb’
co\‘\de“s 2
> Chern-Simons (CS ’-G\‘ a\,OWa\'ees“a\\ \.19 -
re O * (ozing graV \

-y 2O
d gra Gra\'“’y i

S van W
cal @ cpT 0 a "ffa?omck Holes

+ peyor
g2 b‘t.?abahti Phemnomenon

e go.\“

> production of Squeezed entangled gravitons in
gravitational waves




Other applications of weak Gravity as Effective Field Theory

(L) Axions and Gravity > Gravitational anomalies

> Chern-Simons (CS) G*rawi&y + chiral gravitational waves

> gravitational-anomaly-Condensate-induced Inflation




Other applications of weak Gravity as Effective Field Theory

(L) Axions and Gravity > Gravitational anomalies

> Chern-Simons (CS) Grrawﬂ:j + chiral gravitational waves

> gravitational-anomaly-Condensate-induced Inflation

. ® Because they elegantly solve two of the universe's greatest
("') wkv AXLQ“S? mysteries at once: the missing dark matter and the unexplained

symmetry of the strong nuclear force
(strong CP problem): Standard Model allows for Charge-Parity
(CP) violation = if this were happening neutrons would
have a dipole moment - axion as a dynamical field was
invented to cancel such contributions by tuning dynamically
the CP violation in the strong sector to 0.

Axions occur naturally in the spectra of string-theory models



Particle Dark Matter

DARK MATTER (DM): THEORETICAL SCENARIOS
CURRENT EVIDENCE

Arguments in Favour
SUPERSYMMETRY neutralino

TYPES OF DM: hot, warm, cold

SUPERGRAVITY gravitino (if sufficiently light)

ASTROPHYSICAL CONSTRAINTS

(MODEL INDEPENDENT)
AXIONS (standard QCD or stringy)

INDIRECT SEARCHES:
collider (LHC & beyond) searches STERILE NEUTRINOS
photons, neutrinos,

matter-antimatter asymmetries
(electron-positron, proton-antiproton)




Cosmological

Constraints

& probes of
axions

. D.J.E. Marsh,
Axion Cosmology Phys. Rept. 643, 1 (2016)

[arXiv:1510.07633 [astro-ph.CO]].

Thermal D Axion

axions inflation

e ———— >
0 3 9 23

ULAs

Lyman-a, BHSR:
High-z, supermassive,
21cm stellar. eLISA?

—- EEER
-33 -24 -18 -12
CMB pol. i‘g‘,{: QCD axion: ADMX,

rotation . CASPEr, stellar
crises?

Linear Cosmology:
CMB, LSS

>
oo
han
Q
c
L
7
(=
(1)
(]

String theory axions?

log(1ma/eV)



A Geometric Origin of axions ?

Torsion in spacetime?

Einstein-Cartan
onI curvature
4 and
curvature :
W - torsion

or teleparallel gravity (only torsion)




A Geometric Origin of axions ?

Torsion in spacetime?
Ts, = ef(T ~TA) = —2eiTh,

Non-symmetric (lower indices) of Christoffel Sumbols

Integrating out quantum torsion
in Path Integral of (quantum) gravity models

with torsion e.g. Einstein-Cartan Theory, or sfrings

> dynamical ALP d.o.f.

In (3+1) dimensional spacetimes

T v p] X €pvpe 070(x)

Totally antisymm. Ax.ion-like
Torsion component Particle (ALP)
(initially
Massless)

Covariant
Levi-Civita
Tensor density

Ways of b(x) field to acquire Mass

- Role as DM component
of geometric origin
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String-inspired gravitational theories with torsion and anomalies g:{nca(::g ';;l)open
ive

Massless gravitational (bosonic) string multiplet:

Guv = Guu, Spin=2 (graviton)

¢, spin=0 (dilaton),

B,, =—-B,,, spin=1 (Kalb— Ramond (KR) field)

Compactified strings

Gauge symmetry in closed string sector B,, 2 B,, + 0,06, — 0,6,

Effective target-spacetime gravitational action depends on the field strength: H,,, =0 ,B

String theory: Green-Schwarz mechanism for anomaly cancellation: |
Huvp =0 [ u B vo] + (G’/K) (Q3Luvp - 9. 3Y,qu)

a’ = Regge slope = M, S8 l
k2 = 8n G = 4d grav. constant Gravitational gauge '

2
Qy =0’ Ndof, + gm"c ANoyrhol, Qy=AANdA+AANAAA




String-inspired gravitational theories with torsion and anomalies

String theory: Green-Schwarz mechanism for anomaly cancellation:
Huvp =0 [ B vp] + (a’/K) (Q3Luvp' () 3vip)

String effective action (lowest order in Regge slope)

Compactified strings

torsion

T, =T%, \/_u;: #T,

Torsion = axion-like d.o.f. (as in CONTORTED QED)

String-model Kalb-Ramond (KR)m independent axion i
Svrcek-Witten




String-inspired gravitational theories with ftorsion and anomalies

String theory: Green-Schwarz mechanism for anomaly cancellation:
Huvp =0 [ B vp] + (a’/K) (Q3Luvp' () 3Yqu)

Bianchi idem‘i’ry constraint
R*P _F,, F“")

Compactified strings

c bc“ Habc . 32 -

~ 1
Tafys = §Raﬂpaspa'75 -.

N 1 Dual tenors

F, = S Envap Fob




String-inspired gravitational theories with torsion and anomalies

String theory: Green-Schwarz mechanism for anomaly cancellation:
Huvp =0 [ B vp] + (a’/K) (Q3Luvp' () 3Y[.1Vp)

Bianchi idem‘i’ry constraint

Eabcp Hoe ST puvpo RHvPe Fuv F‘w) vV—9G(w,A)

32&

Implementation via axion-like Lagrange multiplier field b(x)

L (=" Hupo(2),, — G(w, A)) =

. 1 .
/ Db exp [z / diz\/—g 7 b(zx) (e“ 7 oy por ()., — G(w, A))] Sarkar, NEM
1 b(z) Basilakos, Sola, NEM

_ / Db exp | — i f dz\/—g (a"b(x)ﬁewﬂ"""+ﬁ9(w’*‘))]




String-inspired gravitational theories with torsion and anomalies

String theory: Green-Schwarz mechanism for anomaly cancellation:
Huvp =0 [ B vp] + (a’/K) (Q3Luvp' () 3Y[.1Vp)

Bianchi idem‘ify constraint

B bc“ He ST 32,{ puvpo RHvPe Fuv F‘w) vV—9G(w,A)

Compactified strings

Implementation via axion-like Lagrange multiplier field b(x)
Integration of non-propagating H field

i

1 1 2 a' oy s
= ‘/_ —_— S — — pvpo pv




String-inspired gravitational theories with torsion and anomalies g:{nca(::g ';;l)open
ive

String theory: Green-Schwarz mechanism for anomaly cancellation:
Huvp =0 [ B vp] + (CX'/K) (Q3L/.¢vp' () 3Yuvp)

Bianchi identity constraint

o ~

Eabc# Habc g7 — 29 e vV —g (Rpupo R‘“Ipa - Fpu ﬁml) =v—g g(‘*’\ A) o

NEM, Massive axions through S l =

+ Basilakos, Sola,

Spanos, Stamou, Non-Abelian gauge group

Dorlis, Vlachos,
Vyros Instantons

1 | 2 o ~ oo
S'fgff — /d’.r\/—g[ 53 R - §d“bd“b+ \/;96'{ b(x) (Rp,,pg RHvVP J

sssss




String-inspired gravitational theories with torsion and anomalies grjnca;r;,g I;azl)oper,
ive

String theory: Green-Schwarz mechanism for anomaly cancellation:
Huvp =0 [ 1 B vp] + (CX'/K) (QBL[.tvp' () 3vip)

constraint

—_—

(e P ) = VTR

Massive axions through

Non-Abelian gauge group
GOMETRIC ORIGIN OF AXIoN o | NEVURMEN

''''''''''

| 1 1 2 o ~ o
Seff — /d‘:l:\/_—g[ 55 R= 59.b9"b+ \/;96,; b(z) (R#upa Rpve



String KR axions, Condensates & Inflation

1 1 2 o ~ ~
geff — /d‘:r\/_—g[ 5 R = 50,00+ | 5 55— b(@) (Ruwpo B — Fuy FH) +. ]

o

Fixed coupling
for the string-model
independent axion b(x)




String KR axions, Condensates & Inflation

| 1 1 2 o _ .
Seff — /d“.‘r\/_—g[ s R - 50,60+ \/;QGKb(I) (Ruvpo RH7P" — F,, )+]

Basilakos, NEM, Sola-Peracaula

+ Sarkar, Saridakis, Tzerefos, Papanikolaou,
Asimakis, Gémez-Valent, Spanos, Stamou
Dorlis, Vlachos, Vyros (2019 - 2025)

In the early Universe, the basic assumption of the model is that metric and axion are the
and the gravitational anomaly interaction constitute the only non-trivial dynamical content = F,,=0

Massless axion b(x)



String KR axions, Condensates & Inflation

1 1 /2 o ~
ff_ 4, - : - T adad .
Sp /d T/ g[ 52 R 5 Oub b + 3 06 b(x) (Rp,,pa R V ) + ]

Basilakos, NEM, Sola-Peracaula

+ Sarkar, Saridakis, Tzerefos, Papanikolaou,
Asimakis, Gémez-Valent, Spanos, Stamou

of Cosmology (StRVM) Dorlis, Vlachos, Vyros (2019 - 2025)

This is the basic Lagrangian of the Stringy Running Vacuum Model

In the early Universe, the basic assumption of the model is that metric and axion are the
and the gravitational anomaly interaction constitute the only non-trivial dynamical content

Massless axion b(x
(x) e

Co°
oN’\’(‘l ' Jackiw & Pi,
€\ Phys.Rev.D 68 (2003) 104012



~ G. Panagopoulos, NEM
NB W By equivalence of perturbative S-matrix and Universe 12 (2026) 3

. . . . e-Print: 2602.16076 [gr-qc]
string-amplitude calculations under the requirements
of unitarity and torsion interpretation of Kalb-Ramond field strength, one arrives at a
more general effective action (after compactification to (3+1) dim)

A
SE = / [2q R— 5@ bO*b + bl?,w,\pi?“”’\p — 5 0ub0 bR‘“’]\/_ d*z,
1 11
A= (_ — —) <0, cf. normalization
14 63\/§ a > 312
1 1 h‘,Q \ to recover results
- = 1 — — 1 . of Basilakos, Sola,
2(]2 2K2 [ o/ a’] | Dorlis, Vlachos,
’ 5 Vyros, NEM
X
€= ———


https://arxiv.org/abs/2602.16076

~ G. Panagopoulos, NEM
NB W By equivalence of perturbative S-matrix and Universe 12 (2026) 3
e-Print: 2602.16076 [gr-qc]

string-amplitude calculations under the requirements
of unitarity and torsion interpretation of Kalb-Ramond field strength, one arrives at a
more general effective action (after compactification to (3+1) dim)

Sp = / [2(1 R — ~a,b0"b+ b}?,,,,, SR V—gd'z,

2

Negligible quantitative
changes, compare to StRVM

\ ,(1 11)
= Y B —
14 633

I 1 K2\
2¢2  2k?2 o o |’

cf. normalization

o > 32

to recover results

of Basilakos, Sola,
Dorlis, Vlachos,

Vyros, NEM
o' /2

€ = —

Kk 12



https://arxiv.org/abs/2602.16076

String KR axions, Condensates & Inflation

1 1 2 o - -
ff_ 4, [ - Z : = T HVPT _ l cea |
sel /d .I‘\/_g[ 55 R~ 50u:b0"b+ Y = 50 (@) (R,‘,,pan Fu F ) + ]

Primordial string Universe Gravitational Waves (GW): e.g. from collapse of (rotating) primordial black holes (PBH)
sourced by Torsion-induced axion field b(x)

Lyth, Rodriguez, Quimbay

S oo Alexander, Peskin, Sheikh-Jabbari
b X R,uupa R'u P Dorlis, Vlachos, NEM

DUV PO
can induce cONdensates of gravitational Chern-Simons terms <R,UVPO' R >



String KR axions, Condensates & Inflation

, 1 1 2 o ~ oo ~
Soff — /d‘l‘\/_—g[ s R - 58,60+ \/;gch_b(a:) (Ruvpo B#77 — F, F* )+]

Primordial string Universe Gravitational Waves (GW): e.g. from collapse of (rotating) primordial black holes (PBH)
sourced by Torsion-induced axion field b(x)

can induce cONdensates of gravitationalh IM{L&& E;(:} M
- ™ O“f Q\ZM &jpé
Condensates lead to linear axion potentials

— Dorlis, Vlachos, NEM
V (b) =, b(ilj‘) <R,uypg R’LWPG> PRD 110 (2024), 063512;
\_ . Universe 11 (2025), 15




String KR axions, Condensates & Inflation

| 1 1 2 o ~ -
%ﬂz ‘/ddr‘/—g[ D2 R _§aﬂbaﬂb+ \/;g(;'{b(.r) (RIJVPCVR“ p _F“UF# )+]

Primordial string Universe Gravitational Waves (GW): e.g. from collapse of (rotating) primordial black holes (PBH)
sourced by Torsion-induced axion field b(x)

DUV PO
can induce cONdensates of gravitational Chern-Simons terms <R,UVPO' R >

First: Compute using weak (perturbative)

Quantum gravity techniques
/ \ g y q

. . With chiral GW perturbation modes
Condensates lead to linear axion potentials /

~

V(0) 3 b(x)(Rywpo RFP7)
N J

Lyth, Rodriguez, Quimbay
Alexander, Peskin, Sheikh-Jabbari
Dorlis, Vlachos, NEM




Alexander, Peskin,
Sheikh —Jabbari
Lyth, Rodriguez, Quimbay

Estimating the Condensate
eat Chern-Simons Gravity as an E
anonical quantization techniques
weak chiral gravitational waves

Dorlis, NEM, Vlachos
110 (2024), 0635

iverse 11 (2025




Alexander, Peskin,
Sheikh —Jabbari
Lyth, Rodriguez, Quimbay

Estimating the Condensate
at Chern-Simons Gravity as an E
nonical quantization techniques
eak chiral gravitational wave

Dorlis, NEM, Vlacho
RD 110 (2024), 0635

erse 11 (2025



S

d‘:r\/_[

— —(8 b)(9"b) — AbRc‘s] .

~ eff ~
2<Rcs>= '<RWPURWPJ> :'/ Dnguue_S RuypaRWW = constant

Dorlis, NEM, Vlachos, PRD 110 (2024),
063512, arXive:2403.09005 [gr-qc]

Within weak Chiral GW quantum flcts approximation about FLRW background!

FLRW(0) 4+ I{,h

0)

Bunch-
Davies
vacuum

g,uv” — g

(..} = (0

tensor perturbation of the FLRW

(assume spatially flat Universe )

ds? = —di* + &2 (1)(8;; + hy;)dx'dx’


https://arxiv.org/abs/2403.09005

hij

J

= h+e(+) + hy e(x)

Polarization tensors

— . — —.

(j+) le1(k)];lei (k)] ; — [ea(K)];[ea(K)];,

e = [ey(k))lea(K)]; + [ (k)] [e2(K)];.

—

(e1(k), ey (k), e3(k))  e3(k) = k/|k|

right-handed orthogonal triad of unit vectors




hy;

hij]

h.

h.

— hyelT) + el () = e @liei®) - lex®lfes ),

.

(x) — [e,(k)], [ez(E)]j + [el(l—(.)]j[e2(,_<.)]i*

.

Polarization tensors (e;(k), 6’2(/}.)- 83([;)) es (/_é) — l-c./|/_<.|

right-handed orthogonal triad of unit vectors

h, 0
—h, 0
0 0 ey = (1,0,0),

h=hi=0 hy = h, (1,2)

choose

€y = (0,],0), €3 = (0.0.])



hij

J

= h+e(+) + hy e( )

Polarization tensors

el = ley(K)]iler ()] = [ea(K)] lea(K);

e = [ey(k))lea(K)]; + [ (k)] [e2(K)];.

—

(e1(k), ey (k), e3(k))  e3(k) = k/|k|

=handed orthogonal triad of unit vectors




_ (L) E :
Expansion in terms of Left (L), rght ( R) polarizatrions (’ X) hL€ + hR€ h,l

A=L.R
1 ¢ 0
W) =—=(e§ )+ iles) === | i -1 0| =)', Dl — 25
zj \/‘ 1 \/i 00 o ij ’ €ij €(A’)_ Y

1 2i
Reg = ERW)GRWM — [(dzlzLd 0,hg + a*0%h;0,0,hg + acd,hy 0,0,hg)

— L < R| + O(h*).
E Non-trivial for chiral GW perturbations h, = h,




Gravitational waves in Chern-Simons gravity

R 1, _1 v po
S:/fx\/—g[?—z(dyb)(d‘b)—AbRCS] A= gm RCS_ER vpaR g

Equations of motion |4 — —ar® + 2(1)(5,; + hyj)dxidxi

G, = K2TS) + 42AC,, 1) = V,b9.b = 50 (V)
Cotton ]
b — ARCS, CIU/ - _iva[(vﬂb)ka;xﬂu + (Vﬂb)kau/}y]
oL 1
Linearized gravitational egs wrt h,, == —0; —3—0, + =7

4iAK? 4iAK? .
hpy = s (2 b +ab)0,0,hg | + ——
a




Gravitational waves in Chern-Simons gravity

S = /d“x [———(d b)(("b)—AbRCSI

Equations of motion |4 — —ar® + 2(1)(5,; + hyj)dxidxi

TS + 4kCAC,, T = V,bV,b — 3 0, (V5)?

Cotton |
b = AR(g. Cuw = _Eva[(wb)Rauﬂv + (VPb) Raup)-

G =

Linearized gravitational egs wrt h, . in conformal time
dt = adn

. 4iAK? _
‘ Lo, (bW, + bR, — Wk, | AT R
04 o - IR:+1, [L:_l

h') +2—le ?h, = —




Strategy on the Quantum Condensate Estimate

Pk ..
o, . 4 N k- "
** Pass onto Fourier Trnsf : hy(n,x) = / Xa rh,u;(r]).

ol . L (). - v - -
“ Linearised eqs of h“\,(i]). W 2 KR = LI 4kAK? BRI+ W)
’ (I"

7, (’]) :ﬂ,/-\"(”) — (I\/l - IAIELCS (l]).

“*Change of variables: 7 /.. ¥\

Lcs(n) = k&, §=—"3




Strategy on the Quantum Condensate Estimate

» . = d3k kX7
»* Pass onto Fourier Trnsf : h;(n, x) = a7 e"™*h, z(n),
Map the system into that of two - 4AkARE -, R
(quantum) scalar fields: = Ll 2 (B"h, ¢ + b ¢ + k°b'hy

d*k -
¢(n.X) =y (n.x) = / 3/26””‘1//“('1) Pr=W, i

2,200 = ay/1 = LilzLes (),

~ 4AD'K
o

* (13 ik-% ~ * ~
¢ ('I-ﬂ:V/R(ﬂ~ﬂ:/W€k Wri). @ :=Vgr

*» Linearised eqs of tensor perts. :




Strategy on the Quantum Condensate Estimate

] - (13]\’ 'E-'"'
% Pass onto Fourier Trnsf : h;(n, x) = a7 " h, z(n),
u .

Introduce two sets o
creation-annihilation
operators of scalar fields:

Map the system into that of two
(quantum) scalar fields:

Bk i TN 4
¢(n.X) =y (n.x) = / 3/26”" i), =, N N (az)" = az
a= and b= P

Canonical commutators:

. (13 e . ~
" (1.5) = ywr(n.%) = / 2 i), P =i
oz, o] = [b, b =53k -K)

*» Linearised eqs of tensor perts. :




Mode functions:
(7. 7]

conjugate momenta 7

V-0 — Rl =
k" k k k
v:vE — vivl = —i.
k™ k k k
. . Uz
Chiral GW tensor perturbations U, 1 =K
(quantized) ’ ‘LK
.
. k
Upr =K —-




Correlators between the helicity basis L, R are non-trivial

<

~

R i) = Ur ”;,_,;25(1‘1 + k).

—-—

<hL,IahR,l:2> = uL,k'; uz k425(k1 + k2)

gCS condensate at a given cosmological era reads fo

5
(Res) =~ [(02hy 0.l + (I 0.) — (02hga;hy) — (hgo;hi)].




Correlators between the helicity basis L, R are nown-trivial

<

~

R i) = Ur “;_,;25(1‘1 + k).

—-—

<hL,IahR,k-;> = uL’k*] uz k-;a(kl + k2)

gCS condensate at a given cosmological era reads fo

5
(Res) =~ [(02hy 0.l + (I 0.) — (02hga;hy) — (hgo;hi)].

u = UV cutoff
of gravitons




Gravitational Anemaly Condensate and RVM Inflation

During inflation (Cosmological Data’

H (Hubblel) ~ H, = constant during inflation H; <107° Mp,

a(t) = <0 (= 0(103) GeV)
Chiral GW egs ILes| = Les kn
p Les = 4Ab*H, ~ 10711
I3 . + () -(ny,z =0, -
Y ! ( 7) Y 4, k (cf. below for StRVM pheno)
|LC5| <<1 max (x) =k |n| = 0(10%)
LE ~ 107" < 1
d? 2 )
—W, ;T |1 - I =0 /~ > O(Les) | | %,z =0 Dorlis, Vlachos, NEM
dx? x2 2 PRD 110 (2024), 063512;

Universe 11 (2025), 15



Gravitational Anemaly Condensate and RVM Inflation
During inflation (Cosmological Data
H (HUb Plane-wave inflation HI 5 10—5 ]\41:)1

a(t) = GPPrOx.imee _ (= 0(10%3) GeV)j
solutions

\Les| = Les knp
Z’CS :4A1.)K2H[ ~ 10_11

(cf. below for StRVM pheno)

max (x) =k [n| = 0(10%)
L™ ~ 107" <« 1

Dorlis, Vlachos, NEM
PRD 110 (2024), 063512;

Universe 11 (2025), 15



Gravitational Anomaly Condensate and RVM Inflation
inflation
Plane-Wave
approximate cr i (1) = ===/ 1+ [AAbH ki1,
solutions

L i

v 2’k ’ Z’CS :4AI.)K2H1 ~ 10_11
vV 2k

| — [:4AbH7 k™.

'l)k p—

I (cf. below for StRVM pheno)

'UZ T e—

e—ikl].
max (x) = k |n| = O(10%)

LE& ~ 107 <« 1

Dorlis, Vlachos, NEM
PRD 110 (2024), 063512;

Universe 11 (2025), 15




For the graviton modes the momentum integrals are cutoff at the
UV cutoff pn

The StRVM model is an EFT of a string theory = natural to
identify the UV with the string scale

M~ 107" Mp < Mp,

Eskimatbe the condensatbe
within wealke QG EFT

Dorlis, Vlachos, NEM
PRD 110 (2024), 063512;

Universe 11 (2025), 15




Include GW sources in the Condensate estimate

N. E. Mavromatos,

number of chiral GW sources Lect. Notes Phys. 1017, 3 (2023).

N @ onsert of .RVM inflg’rion Dorlis, Vlachos, NEM
I (e.g. collapsing domain walls, PRD 110 (2024), 063512;
primordial black holes, etc.) Universe 11 (2025), 15

N number of chiral GW sources @ end of stiff-axion era = onsert
S of RvM inflation in StRVM




Dorlis, Vlachos, NEM

Multiplicative factors containing Universe 11 (2025), 15

number of sources can be understood in
the framework of Path Integrals (PI) of
weak gravitons, upon expanding about
the mean field of the gCS condensate

Z = / Db Dg €509l _ [iW([g,b] (cf. Part I adapted to CS gravity as EFT)

Expansion about a background metric (here FLRW), up to terms
quadratic ((2)) in tensor fluctuations A,

S[b,g+h] = Sb,g] + SP[b,g,h] +...

NB: Background fields are
stationary points of PI exponent > —i% _ ‘Wlg, b] —0 _Z,(San — ‘Wlg, b] —0
satisfy classical eqs of motionI ob ob ’ 8 G 89 ’




z — iS5 [b,g] / Dh 152 [b.g.h] _ iSO [b,g] Z4[b, g] Znlb, g] = / Dl iS5 b.g.h]

2 _ (2 4
S, g,h) = SPb, g, h] —/da:AbOh
A=0
- *=H |, defi ith the Mink [ :
O = Ry R0 Lol ol st s e MO o s
h HYpo - tensor
expanded to O(h?) . P R
in tensor perturbations Rapys = §R €povs Epvap =V —9(2) €wap
- o (2) . 4
. <(0) iS'*[b,g,h] —iA [d*xz b Oy
Z — 5 [byg] /Dh e A0
(0) 55( )[b g, h] is® A [diz 0,
,_ Sz _ss [b q . / | _40,) S®lg )| | —iA [ar Ot
0b Z

2)[b, g, h]

5SOp, g 957 b:9; \A ; o)

- — 7 =0\ _ 1SV |b,g.h —Ai [d*z O b
ob +< 5b > AlOn) where (O,) = /Dh O, e LA "




Incorporation of number of sources N > 1 in the PI:

Treat (chiral) GW from various sources as an ideal gas of non-interacting
tensor perturbations

—iy,, [d'z A O b
A=0

N
(0 iy . S@ b g hi
7 _ iS¢ )[b’g]/HDhi 2 S bg ]

AN
—Ai [d*zOub
A=0 f Oh — Rp,l/pa*R“Vpo

- (2)
. o (0) 1S\ [b,g,h]
— ¥ [byg] / Dh e

This explains, within the path integral formulation, the linear superposition of GW effects
% Voo . % Voo proper density P \/7
<R,u1/p0 RHYP >n — 72’<R;u/p0 RFYP > of GW sources 10 — N/ —4g,

1 ~
/ d* 2N b(2)(Ryuypo * RMP7) = / d'w 5 N b(@) (Ryupo " Ry, ") = / d*z/=g N b(x) Ryypo RMP7



Estimates of chiral GW Sources @ beginning

of RVM inflation from smooth .. NEWY
passage from (pre-inflationary) J\acho®

stiff era to RVCM inflation? 930110




Estimates of chiral GW Sources @ beginning

of RVM inflation from smooth DO‘\"S'“E\:,‘\,
passage from (pre-inflationary) 4 \l\ac“olo
stiff era to RVCM inflation? O( H pROM

I \?_O?—A\’

Dynamical system analysis 2> b [~ 10°'H 1 Mpy J . also Inflation cf. spares



» N7 z 0(1016) @ the beginning of RVM inflation if 0(1)

NEM, Sola *NI confirmed .\ \\S,NEN\'
P}‘la" top EPJ-ST (2020) from detailed por c“os
Inﬂr:ttlon. study O.F pas§age 3
From stiff axion
StiffF-matter ¢5092 Era to RVM inflation
Era _ _qo0th n p¢ . (& matching conditions)
RV M-inflation
KR axion _ Radiation,
dominance GW + Anomalies Matter Current
dominance e Sicoes

o a(t) -



» Ny > 0(1016) @ the beginning of RVM inflation

NEM, Sola *NI confirmed i S,ﬁEN\'
Iﬁi‘"t‘)’l’ Eleoa 2020 from detailed ~ DO' oS
Inflation. study of passage N\

From stiff axion
Era to RVM inflation

|

\ (& matching conditions)

Stiff-matter e\
asd
RV M-inflation

Stiff -
KR axi Re <R¢s™™ > | ong stiff =
axion Rac Infl
d . ' GW + Anomalies Mai Re <RCS > | onset infl
ominance dominance E;Sttter

O a(t) -



String KR axions, Condensates & Inflation

1 1

%ﬂzfddr'_g[_an 2

R+ ~9,b0"b+

\/ggz’,{ b(z) (R,w,,c, RHvee _F,, f'"') +... ]

Primordial string Universe Gravitational Waves (GW): e.g. from collapse of (rotating) primordial black holes (PBH)

sourced by Torsion-induced axion field b(x) can induce condensates o gravitational Chern-Simons terms

/
Condensates lead to linear axion potentials

V(b) 3 b(2) (R, pe RHP?
A

\

We computed using weak
(perturbative) Quantum gravity
techniques With chiral GW

perturbation modes

O(H,*)

Lyth, Rodriguez, Quimbay
Alexander, Peskin, Sheikh-Jabbari
Dorlis, Vlachos, NEM



String KR axions, Condensates & Inflation
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Primordial string Universe Gravitationa'’ e(%\‘ - e.g. from collapse of (rotating) primordial black holes (PBH)
sourced by Torsion-induced &> \)0('(\ \ .condensates of gravitational Chern-Simons terms
\\ o -
\)\’&\ ?‘ N\‘\‘Q o0\ We computed using weak
e ?&5 o \A”‘ \ (perturbative) Quantum gravity

Condensates \,\7« x ¢ > rentials techniques With chiral GW

V(b) 5 9’ RMV’OJ perturbation modes
“UV PO

Iv\fl.a&uou > t{: dunamical S skem c Lyth, Rodriguez, Quimbay

analysis > finite duration (sgomes A'ex“"‘l’;r:l?ef/':iﬂlhs*\eﬁgddbbdri
oris, viacnos,



CONDENSATE WITH CUTOFF GRAVITON MODES HAS IMAGINARY PARTS

(ENVIRONMENT OF MODES WITH MOMENTA ABOVE THE CUTOFF u)
G M, = O(10'%) M,

Consistent
with <@l INSTABILITY OF CONDENSATE PHASE > FINITE LIFE TIME OF THIS PHASE  Dorlis, Vlachos, NEM
swampland Universe 11 (2025), 15
—> CONSISTENT WITH 50 e-FOLDINGS AS STEMS FROM DYNAMICAL 2411.12519 [gr-q¢]
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https://arxiv.org/abs/2403.09005
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Vafa, Ooguri et al. Q(lsl?:‘lr‘linunghé(a)ll\";)y ValenzuelaarX|v.2102.0111i [hep-th]
Quantum Gravity .
Dorlis, Vlachos, NEM
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https://arxiv.org/search/hep-th?searchtype=author&query=van+Beest,+M
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https://arxiv.org/abs/2403.09005

Other applications of weak Gravity as Effective Field Theory

(i) Axions clouds in Rotating Black Holes

= Supermdiam:e Phenomenown

production of Squeezed entangled qravitons

gro\viﬁo\&oma\t WAVES



EPR PRRADOX
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A. Ensten

N. Rosen

B. Podolsky

Entanglement



Usual assumption in the structure of GW is
that they consist of coherent states of
gravitons, which behave almost classically

But there is always a small admixture of
squeezed graviton states

The latter can - under some circumstances -
lead to observable phenomena due to

specific enhancement factors - specifically

if they are produced (in entangled polarization
configurations) from superradiant axion clouds
of astrophysical rotating black holes.




Outline of remainder of Lecture 2

+ Squeezing in Quantum Optics/Quantum Information theory

“+»The Gravitational set up: why we need squeezing for QG tests?
where? Rotating (Kerr-type) Black Holes + Massive-Axion
superradiant clouds (collective phenomena enhancement of QG effects)

“*Massive Axions > production of squeezed (polarization) entangled
multi-mode quantum graviton states
Context: weak quantum gravity effective field theory
Analogies with Quantum Optics

“The figure of merit (Number N, of Squeezed Gravitons produced)

How much can a graviton be squeezed? Argue that Ny can be much larger than 1

“»Observational Prospects - non-observation of squeezing today
-> Current Exclusion limits on longevity of Axionic Clouds



Outline of remainder of Lecture 2

+ Squeezing in Quantum Optics/Quantum Information theory

“+»The Gravitational set up: why we need squeezing for QG tests?
where? Rotating (Kerr-type) Black Holes + Massive-Axion
superradiant clouds (collective phenomena enhancement of QG effects)

“*Massive Axions > production of squeezed (polarization) entangled

multi- mod'fmm_gmtan-stm&
Context:Qweak quantum gravity effective field theory>

Analogies with Quantum Optics

“The figure of merit (Number N, of Squeezed Gravitons produced)

How much can a graviton be squeezed? Argue that Ny can be much larger than 1

“»Observational Prospects - non-observation of squeezing today
-> Current Exclusion limits on longevity of Axionic Clouds



Squeezed Quantum Coherent State:

A quantum state usually described by two non-commuting [(j 9 13
Observables, which has continuous spectra of eigenvalues

and:

a standard deviation below

that of the ground state for one of

the operators or for a linear combination
of the two, i.e. the circle denoting the
uncertainty of a coherent state

in the quadrature phase space

has been "squeezed" to an

ellipse of the same area.

A squeezed state does not necessarily
saturate the uncertainty principle.

1

— -

27T

Wigner phase space distribution of
a squeezed state of light with {=0.5




€.9. single-mode squeezing
Pi A coherent state

P, :
I amplitude
squeezed
'.’—.\'-,
P A
phase
squeezed
_—

>
X

two-mode squeezing

Coupled
szain

vacuum inputs

Glorieux, Q.., Aladjidi, T., Lett, P. & Kaiser, R.,
New Journal of Physics 25 (2023) 10.1088/1367-2630/acceba




similar to coherent states, but product of variances does not
saturate the uncertainty principle and it depends on time

04(,0) o exp | £po(0) — 3-min(z — 20(0))?

B3 is the “squeezing parameter”

Solution of time dependent Schroedinger ‘s equation yields:
S(t
Ye(x,t) o exp [z €(t) —|— po(t)x — ( )mwo(a: — x0(t))’ ]

Squeezing function

1 [t 1
€ = ——W d ’S " — prpagt
(t) = =50 | d¢S(E) = Srao®)polt) 5(0) = Tanh (Tanh~1(8) + iwot)

S(0) =




similar to coherent states, but product of variances does not
saturate the uncertainty principle and it depends on time

0u(,0) o exp | £po(0) — 3 mn(z — 20(0))?

B3 is the “squeezing parameter” 6+1
B =1 ‘ retrieve the coherent state

Solution of time dependent Schroedinger ‘s equation yields:
S(t
Ye(x,t) o exp [z €(t) —|- po(t)x — ( )mwo(:c — (1))’ ]

Squeezing function

1 [ 1
e(t) = —=w dt' S(t') — —zo(t)po
(2) 2 0/0 tS(¢) 2h o(t)po(t) S(t) = Tanh (Tanh_l(,@) + 1wy t)

S(0) =




Ground State

h
Gxap:§

minimum uncertainties

Formal definitions & Properties

Canonical
Coherent state: Squeezed States

h e.g. harmonic oscillator B : squeezing parameter

closest to a classical state
minimum uncertainties

(02 0phmax = 7 (571 + 5)

time-dependent product of variances,
do not saturate the uncertainty principle

B =2 1 - coherent state of harmonic oscillator

1 —~: .~
H=52 [Gudi'a) +Ciaid|
i,]

Vi R Rl

RARERV- R AV

Hamiltonian

In terms of phase-space
quadrature operators




Formal definitions & Properties

Squeezed States

. e.g. harmonic oscillator B : squeezing parameter
Squeezing Operator

e.g. single-mode (j=1)

S(C) = e3¢ @*=C@N*) ¢ _ it
— h —1
(02 Op)max = i ([3 - [3)

time-dependent product of variances,

do not saturate the uncertainty principle
Bogolubov trnsf. Yp p

() = S(¢)]0) B 2 1 - coherent state of harmonic oscillator
1 o o
H= B} Z [gz‘jaz’fa; + g,-jaiaj] .

t,J

1 (2n)! 9
() = g - (—e*” tanh )" |2n) - 4 .
! q; +1p q; — 1P
Veoshr = 2! Y= E =Ty




(i) Spontaneous Parametric Down Conversion (SPDC)

Process: A high-energy pump photon interacts with
a nonlinear crystal (such as KTP - Potassium titanyl phosphate (KTiOPO,) )
20 O . and splits spontaneously into a pair of lower-

‘ ’\"1‘\ energy photons, the signal and idler.

1064 nm-
pump SPDC

Creation of Squeezing: The so-created photon pairs are quantum correlated
— such quantum correlations manifest themselves as squeezing
in the electric field quadratures.

NR: If an optical parametric oscillator is operated below its oscillation threshold =
can generate squeezed vacuum with significant noise reduction.
If operated above the threshold = can produce bright squeezed light.



Generation of Squeezed state of light...
(ii) Four Wave Mixing (FWM)

~ i~ ,, atomic vapor aer  Siwaveguide
ety W

Signal

Process: two pump photons at
\ 4 Amplified signal Pump

. . ..
freque.ncy W, mte.ract in s NS - ey
a nonlinear medium to A i

Signal

generate a pair of e Swevegiids
signal and idler photons.

What media? optical fibers or atomic vapors (e.g., rubidium or sodium), or
silicon waveguides

Creation of Squeezing: FWM in a cavity can produce squeezed light.

Coherent State Input: seeding the FWM process with a coherent beam =2
bright squeezed coherent state generation



Squeezing of Gravitons
LA
(weal) Quantum Gravity EFT:

Whv ?
and
the ingredients




First things first: why look for squeezed entangled states of gravitons?




First things first: why look for squeezed entangled states of gravitons?

Single-mode graviton-state searches may be too difficult to yield
observational results in the foreseeable future F- Dyson, 1J.MP A 28, 1330041 (2013) |

Measurement of single graviton by a detector: | Planck length
Absorption cross section ¢ ~ (Lp|anck )2 accuracy

Aipg ~ L> Hugely Massive detectors required

Single quantum regime AL ~ M];ll _ LPl
: : ApAx
: | e m2Ear s L Collapse of
g | 2 the apparatus
i AL . into a
| ¢ '
¢ o jT L < IMG black hole !
M




NB: LIGO detected GWs contain a macroscopically large

number of gravitons!

1010 : : : ' : C

- _ 212272
l()—]-) L (h’ CU) —> p = —Ww h MPZ
107+ gy

102

h [strain]

1(')—3() L

103

-~

[)—40 — — ' - : —
o0t 109 108 10" 10" 10 1019 10'8

f [H7]

Signal duration comparable to or longer than

the measurement time
(for CAST this is about a year)

But classical GW can also mimic such a detector response

102

2 )12
h” M5,

h \2/1 kHz\?2
nilg = 2 szlO”(lO_zz) ( 7 )

AaB

@ much higher frequencies the number density of
gravitons in a GW is significantly diluted

Sensitivity of CERN-AXION-SOLAR-TELESCOPE (CAST)

@ a magnetic field of order 10 Tesla & X-ray
photodetector (f ~ 1018 Hz ) - relevant interactions
between gravitons and electromagnetic radiation

1 1
L — 5 ]’L/u/ Te'um

- sensitivity to strains h ~ 1027 > n)\gB <1
(highly dilute distribution of gravitons )

—> & also of its successor IAXO

— so in principle CAST/IAXO can detect individual
gravitons but there are no known sources of

gravitational radiation @ such frequencies

D. Carney, V. Domcke, N. L. Rodd,
PRD 109, 044009 (2024)



"™ e Amelino-Camelia, Nature 398, 216 (1999);
QG as noise’ in interferometers. PRD 62, 024015 (2000

Enhanced signal for squeezed Parikh, Wilczek, and Zahariade, PRL 127,
. : 081602 (2021); PRD 104, 046021 (2021)
single-mode gravitons —




Parikh, Wilczek, Zahariade
PRL 127, 081602 (2021)
PRD 104, 046021 (2021)

Noise

—

k

one polarization
of quantized GW

Classical
geogdesics

’4

¥ ) _}

Falling particles subject to “Noise”
due to quantum fluctuations of spacetime :;
Noise characteristics depend on graviton state

Idealization:

2 mirrors at the endpoints of
the arm of an interferometer
are idealized as falling particles
in weak gravitational field



Parikh, Wilczek, Zahariade

PRL 127, 081602 (2021)
PRD 104, 046021 (2021)

courtesy P. Dorlis
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=l

Vacuum: [ilax Lp £0 Wmaz ~ Lp § -

Squeezing: Osqueezed — 00V cosh 2r

Y

&: Perhaps?
Exponential. | %}
LICWCES enhancement !

potential detection if r >> 1

GW

(1 -+ h(l)/Z)Cf() classical
5(2) <N2> /4 Non-zero variance.

Purely quantum effect!
stochastic
noise



Parikh, Wilczek, Zahariade

PRL 127, 081602 (2021)
PRD 104, 046021 (2021)
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sources of such large squeezing? B

courtesy P. Dorlis



Further developments: Use small but ultracold quantum
sensors (acoustic resonators @ temperature close

to quantum ground state) - sensitive to single graviton
flcts? (quantum jumps) = weakness of gravity 2>
advantage - analogies with photoelectric effect

Tobar, Manikandan, Beitel, Pikovski
Nat. Comm. 15, 7229 (2024)

Are these effect
D. Carney, V. Domcke, N. L. Rodd,

dis’ringuishable PRD 109, 044009 (2024)
from classical GW ?



e look for astrophysical situations in which polarization entangled
states of quantum gravitons are produced in large numbers,
hence leading to significant enhancement over
the single-graviton-state case
Where are such situations realized?

PPN
| O

2

Dorlis, Mavromatos, Sarkar, and Vlachos,
Phys. Rev. Lett. 135, 151501 (2025);

PRD 113 (2026), 026023

e-Print: 2605.14797 [gr-qc]
(JMPD, 39 Award 2026 GRF Essays
on Gravitation)



https://arxiv.org/abs/2605.14797
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r = 0 (singularity)
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Rotating Black Hole and axion clouds

r = 0 (singularity)
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Rotating Black Hole and axion clouds

r = 0 (singularity)




Rotating Black Hole and axion clouds
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r+ (outer event horizon) r_ (inner event horizon)\

(2
‘\e‘ r = 0 (singularity) )
M
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N SuﬁerradLQMte
‘ Y | of the Axion cloud
s needed




Squeezed
Gravitons
(entangled)

Rotating Black Hole and axion clouds
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r+ (outer event horizon) r_ (inner event horizon)\

(2
‘\e‘ r = 0 (singularity) )
M
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N - . - -

—
N SuﬁerradLQMte
‘ Y | of the Axion cloud
s needed




. . Dorlis, NEM, Sarkar, Vlachos,
Production of Squeezed Graviton States s et S 03 (09 15, AT

e-Print: 2507.01689 [gr-qc]

The IV&S)VQA&QV&&S: & companion long article
Phys. Rev. D 113 (2026), 026023

e-Print: 2507.23475 [gr-qc]

»Rotating Black Holes (BH)

“*Massive-Axion
Superradiant Clouds
(kind of condensates in the P
surrounding area, outside gol St glonIENt ey o
) gravitons Polarization
the outer horizons) Entangled

of finite life time | - gravjtons
BH (

Axionic cloud

Courtesy N Kouniniotis


https://arxiv.org/abs/2507.01689
https://arxiv.org/abs/2507.23475

. . Dorlis, NEM, Sarkar, Vlachos,
Production of Squeezed Graviton States Phys.Rev.Lett. 135 (2025) 15, 151501

e-Print: 2507.01689 [gr-qc]

The IV&S)Y‘QA&QV&&S: & companion long article
Phys. Rev. D 113 (2026), 026023

e-Print: 2507.23475 [gr-qc]

»Rotating Black Holes (BH)

Macroscopic number of (massive) Axions
- Large number of Squeezed Gravitons

A ) .
**Massive-Axion - Enhanced signal of QG compared
Superradia to single graviton searches
(kind of condensm‘es A
SUI"I"OUﬂdIn Polarizarior.\ Entangled massive axion-like field o
) gravitons Polarization
the outer horizons) Entangled

of finite life time . | gravitons
BH (

Axionic cloud

Courtesy N Kouniniotis


https://arxiv.org/abs/2507.01689
https://arxiv.org/abs/2507.23475

Signatures of Quantum gravity?
(as “*noise” in interferometer)

Testing the effective field theory
Nature of Gravity ?

-



[ Can in principle test (in an Interferometer) ‘
the assumption that Quantum Gravity (QG)
is a weak EFT - if, e.g., a strong signal
is seen @ interferometers, which is
incompatible with the weak-signal

lof theoretical predictions for single-mode gravitons ‘
|

Signatures of Quantum gravity?
(as “*noise” in interferometer)

Testing the effective field theory
Nature of Gravity ?




P. Dorlis, N. E. Mavromatos, S. Sarkar, and S.-N. Vlachos,
Phys. Rev. Lett. 135, 151501 (2025]; PRD113 (2026), 026023

Squeezing of Gravitons

LA
weak Quantum Gravity EFT:
The formalism




GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi, PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term

R 1 1
Masile A 871-(? - Ml—;ll
Axion-like
Field
1 ~
Res = SR, 0o R, # 0

(In rotating
BH bkgrnd)

~ 1 D :
- po ual Riemann
Raﬂ'yb — §Raﬂ Epavd : in (3+1) dimensions



GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi, PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term

/d‘ixf [— — —(8 b)(0"b) — —,u,b > _ AbRcs

f. k= V8nmG = MI;II
Massive - i
Axion-like
Field
1 ~
NB: __ ,2mb 2 Rcs = =R¥, RY P7 %0
BH bkgrnd)

1 - -
Cuv = _§va [(Vﬂb)Rauﬂv + (Vﬁb)Rar/ﬂu]

Cotton-like tensor

— (V"b) BcsV ™ V b) Res (CS anomaly term), unitarity OK in EFT

framework (with Planck-scale UV cutoff)

No problem with diffeomorphisms ->
ﬁ Exchange of energy between b & gravity




GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi, PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term

R 1 1
4 2 12
— </ _ —1
Why massive axions ? Massive k= V8rG = Mp,
@
- . Axion-like
QCD axiowns, Field
Skring th Lons ... 1 s
ring theory axitons RCS — §R”upoRuy po =+ 0
(In rotating
BH bkgrnd)

~ 1 D :
- po ual Riemann
Raﬂ'yb — §Raﬂ Epavd : in (3+1) dimensions



GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Background of a Rotating (e.g. Kerr) Black Hole (BH):

Non-trivial gCS term

/d“xf [— - —(6 b)(O"b) —

Massive
Axion-like
Field

In string theory Axions could be:
(i) string-model independent
axions (acquire masses through

instanton effects) Duncan, Kaloper, Olive (1992)
|
Oé/ _ M5_2

string mass scale
I

Svrcek, Witten (2006)

1 /2da
48 3 K
(ii) compactification axions

A depends on details
of compactification

Jackiw, Pi , PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

1 2 312
5t b° — AbRos
v = VBrG = My
1 I DV po
Rcs = 15, 0 7,7 # 0
(In rotating
BH bkgrnd)
ﬁ o 1 R Dual Riemann
affyd — § QB €pa'yb in (3+1) dimensions



GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi, PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term

/d‘ixf [— - —(a b)(0"b) — —p,b > _ AbRcs

/

— R — A1
Why massive axions ? Massive k= V3rG = Mp,
®

] Axion-like
e.o.m. b(x)-field: Field
2 — _ 1 L ., po

N vial oCS Axions are (In rotating

Axions in the On-trivia 5 also DM BH bkgrnd)
sources Axions .

spectrum of S candidates

tri th 1

?czzlsgiste::rles neighborhood ﬁ o 1 R Dual Riemann

theories of QG) of a rotating BH afyd — 9 aﬁ €p075 in (3+1) dimensions



GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi , PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term

el

- (a b)(0"b) — 51 b* — AbRCS]

K2 f

Why massive axions ? Massive
Axion-like

= VBrG = Mp/

Moreover Field alsifaarion Brsnged . massive axion-like field
ravitons Polarization
— Iug) b(ZE) - ARC’S & Entangled
gravitons
Axions in the — .
BH background A BH g/
can form clouds | g

AR L] 99 0 .
(" condensate-like Axionic cloud

structures) & exhibit

SUPERRADIANCE

Courtesy N Kouniniotis




GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi , PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term
4 L 1 2 312
d'z\/—g -~ (6 b)(0"b) — hi, b* — AbRcs

2&2 f

Why massive axions ? Massive

Axion-like
Moreover Field MACROSCOPIC number - massive axion-like field
of axions & ENHANCED Dl

= VBrG = Mp/

L N%) b(ﬂ?) — ARC’S numbersofsqueezed Entangled

gravitons

) gravitons
Axions in the ﬂ/\% —y g/

BH background BH ¢

can form clouds ‘
N\ (] ’,
(T condensate-like —
structures) & exhibit

SUPERRADIANCE Courtesy N Kouniniotis




GRAVITATIONAL CHERN-SIMONS (gCS) THEORY

Jackiw, Pi , PRD 68, 104012 (2003)
Alexander, Yunes, Phys. Rept. 480, 1 (2009)

Background of a Rotating (e.g. Kerr) Black Hole (BH):
Non-trivial gCS term

o feea

- (d b)(0"b) — l,ug b* — AbRCS]

2K2 f
P 379
Much better phenomenological (20
Whv massive axions ? LTSI brospects than in single-graviton vé
. Axion-like searches -

Moreover Field MACROSCOPIC number - massive axion-like field
of axions & ENHANCED Dl

gravitons

. gravitons
Axions in the ﬂ/\% —y &/vflw‘

L Ng) b(ilf) — ARC’S numbers ofsqueezed Entaneled

BH background BH ¢

can form clouds .
=~ 1?2
(T condensate-like Axionic cloud
structures) & exhibit

SUPERRADIANCE Courtesy N Kouniniotis




Black-Hole-Axionic-Cloud

Superradiance




NiZ:

Superradiance in Optics

In Optics: Superradiance is a phenomenon where many excited atomic emitters,
interacting with a common light field, release their energy collectively,

which results in the emission of a synchronized, intense burst of light,

leading to an amplified emission rate, provided the wavelength of the light field
is much larger than the separation of the emitters

emitters are close
enough to act like
a giant antenna

iInter-atomic distance, d

e

photon emission rate

étmax

dfO - NB: not necessarily
associated with
instabilities

d—o0

exponential decay

time



NR: Rotating-Bodies Electromagnetic Superradiance

Y.B. Zel'dovich, ZhETF Pis ma Redaktsiiu 14, 270 (1971)

Superradiance also occurs in situations in which the amplitude of the transmitted electromagnetic wave in
interaction with a rotating object is larger than that of the incident wave, thus leading to amplification,
provided the radiation is prepared in an appropriate angular momentum state;

e.g. the region around the equator of a spinning metal sphere is expected to throw off electromagnetic
radiation along the tangential direction.

frequency of
(L)r < m Q rotating body

Condition

radiation component
frequency of angular
momentum

along axis
of rotation
The rotating-body superradiance is not necessarily associated with an instability. o

Zel’dovich suggestion: the case of a spinning gravitational mass, such as a Kerr black hole,
ought to produce similar coupling effects, and radiate in an analogous way.



Detweiler, PRD 22, 2323 (1980)

BH AX'O"'C'CIOUd Superrad'ance Britto, Cardoso, Pani, Lect. Notes Phys. 906, 1 (2015)

In our gravitational context, there is a " 'runaway superradiance” :
Particles and electromagnetic radiation scattering from a spinning black hole,

can gain energy and angular momentum in the process.

If this radiation is reflected back at the black hole, a runaway explosive process
(sometimes called a “black-hole bomb”) e s e e S B R S .
could develop. This requires the presence of a I'_ (inner event horizon)"
light (pseudo) scalar field, in our case the
massive axion b(x).

In a rotating BH background, this field exhibits
an exponentially growing mode instability.
Upon extracting significant amounts of energy
from the spinning BH, the axions form

dense clouds of finite life time T, a kind of
“condensate” in the exterior region of the outer horizon,
extending to macroscopically large distances from the horizon.

’—————————\



BH AXionic-Cloud Superradiance Detweiler, PRD 22, 2323 (1980)

Britto, Cardoso, Pani, Lect. Notes Phys. 906, 1 (2015)

In our gravitational context, there is a " 'runaway superradiance” :
Particles and electromagnetic radiation scattering from a spinning black hole,

can gain energy and angular momentum in the process.

If this radiation is reflected back at the black hole, a runaway explosive process
(sometimes called a “black-hole bomb”) e s e e S B R S
could develop. This requires the presence of a I'_ (inner event horizon)"
light (pseudo) scalar field, in our case the
massive axion b(x).

a rotating BH background, this field exhibi

<L(ponentially growing mode instabili

Upon extracting significant amounts of energy '\
from the spinning BH, the axions form
dense clouds of finite life time T, a kind of

“condensate” in the exterior region of the outer horizon,
extending to macroscopically large distances from the horizon.

- . M O S S S S—
N




P. Dorlis, N. E. Mavromatos, S. Sarkar, and S.-N. Vlachos,
Phys. Rev. Lett. 135, 151501 (2025]; PRD113 (2026), 026023

Production of
Mulki-mode

Squeez.ed Graviton states
and
analogies with
Quawntum Optics




axion cloud
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View weak Gravity as an EFT (non renormalizable, but for
a low energy theory, compared to Planck scales, this is OK)

Expand up to & includin
Iuv — Iy T f‘“h'lll/ ) P 2nd :rder weak )

g;u/ s guz/ — kh*Y + h',2 pH hlcll tensor perturbations A,,

S

background
metric

Regions of interest for the production of

— Squeezed Gravitons = deep in the cloud

gimt » far away from the horizon
entangle I
AR In those regions, Background

can be approximated by Minkowski

Juv = Nuv




Canonical Quantization of Gravitational-Wave (GW)
tensor perturbations in Chern-Simons Gravity

The GW action:  Sew = Z /dt/dg ‘hA i - kQ’hA 7l )

ALR

Graviton A A3k
hz' ; t, r) = [
o i) / (2n)/2 m Z

operators

[aM cal, k] — Gy 0O (E _ E’)

iy (k) = i (=F)

zg Z]

ey (k) B (k) = eij? (k) e 9 ()
(L) (1N e (B) 3 (1) —

ey (F)e™ (k) = 2,

=0,

—ik-:z 4 hC]

with es(k) = k/|



Canonical Quantization of Gravitational-Wave (GW)
tensor perturbations in Chern-Simons Gravity

1 S/
The GW action:  Sew = 1 Z /dt/d3k (\hA’,;\Q — k2lhk’,—€»]2 )

A\=L.R
Graviton ) . d3]'€' 1 O .t N
quantum hij(t, Z) :/ [62.. Q. e T +h.c.] O, =k
operators (27)3/2 \/2Q, N gk Ak L
d3k 1 ,, A) /7N A ik
/ (271')3/2 — V : ok , 4 — ]\[p] Z fk: [653)(1{3) Ozi’]g € & -+ h.C.

GW Hamiltonian
operator

NB: like collection of
harmonic oscillators



Chern-Simons Gravity EFT up to second order in tensor perturbations

1 l 9w = G -+~ Kh,w
S = /(]43', /—( |:—— E (() b) ((y‘b) - Eﬂbbz —AbRcsl

gv — g" — kh* + th”“hﬁ.

1 1 1 1 1 1 1
6Lin = 7V =9Guhah®™ = 2/=ghh G o + /=g {— SR = SR, Wl 4 >V N h? + 2V shVP

| P a
— Ev,,hvah p —ZV},haﬁV"h ﬂ].

2 2 | .
5£§§3w = /=g 9(3 T,wh"” + Zhh ﬂV"bVﬂb + T (h’a‘,h“" - Ehh"”) 9L matter — ?haﬂhﬁvabvf‘b

1
Ty = 0ub0,b = =0, (170,b0,b — 2 b7).



Gauge (general coordinate) invariance of the 2"d order Lagrangian
b— b+ &,0%

khy,, = khy, + (e + Khey )V, E5 + (Guq + Khyq)V , E* + kEV Gh,

Gauge fixing: Transverse - Traceless gauge ;04 — 0, h =0, and vu Y = ().

Simplificatio., upon using also background grvitational eqs of motion le =0

1 1
5432})1 = -3 /—q [Ev,ha,,vrhaﬁ +- R"M},hﬁhw].

2
LD e = /=7 E AR bJ

K'2

Res = ?e,,,‘,,(,(aaaﬂh{,’ — 3,0°H2)*# h* + higher orders,



Chern-Simons Gravity EFT up to second order in tensor perturbations

1 1,

/d4a:\/_ [——5(6 b)(0"b) — S Hj b> — AbRcs

] .. ..
j=1,2,3
s = 5 / (14Xh T” vy 2"d - order gauge invariant
= EFT - gauge fix : TT-gauge

(TT = Transverse-Traceless)

GR

SO = - / d*xh. hmobdb. Vyuhr =0,

im J O,u "
hpp = hTT/,L =0

Ann. Inst. H. Poincare A

S&) = —AK? / d*xb(x)e; (c),()‘h,,,()'"iz“Jrh”()‘lzf 0,,,0‘11’0’"11") G- 't Hooft, M. J. G. Vettman,
Phys. Theor. 20, 69 (1974)




Chern-Simons Gravity EFT up to second order in tensor perturbations

1

= [#=v= [2%7( b)(@"5) — guk b — AbRos

Muy = N + Khyy, khy,, <1

v =0,...3
e e Y T axion matter stress energy tensor

II SG(? = 2/(14xh T, [ ij k=123
I I Perbain to conbributions
\ I I N S S S S S - ’

SO = —Ax? / d*xb(x)e; (a,akh{',,amh'wh"a*lﬂ (),,,()‘hf()'"h")

GR



Chern-Simons Gravity EFT up to second order in tensor perturbations

R 1 1
— /d4:v\/_—g [2? — 5(9ub)(9"b) - _ug b> — AbRcs
ar Khy, <1

T axion matter stress energy tensor

S — d*xh; T‘f ij h=123

GR 2
K2 Pertains to CS anomalous
/ d*xh

S(Gzli =-5 ,,,,h;"()‘b()/ b, ’ terms contributions
I I I I I I I | I I I I | I \
[

A C?S) — —Ax? / d*xb(x)e; j (c),()kllf;,()"’iz’i + higkh) — (),,,()‘h’()’"h") [

QN A N



Chern-Simons Gravity EFT up to second order in tensor perturbations

1

= /d4a: V=g [2% E 5(6ub)(6“b) ! pi b° — AbRCS]
K

Pla

Muy = N + Khyy, khy,, <1

v =0,...3
(1) — 4 ij produces coherent gravitons
S;; . / d*xh;;TY, -
2) = ——/d“xh,mh;"()‘b()/b

S(gs) = —Ax? / d*xb(x)e; j <(),()k11{;,()’"71’i + higkh] — (),,,()"h’()’”h”)



Chern-Simons Gravity EFT up to second order in tensor perturbations

1

= /d4a:\/—g [2% E §(c‘)“b)(c‘)"b) ! pi b° — AbRcs]
K

Pla

Muy = N + Khyy, khy,, <1

v =0,...3

g(l) — / d*xh; TU - produces coherent gravitons, not of interest here
GR 2

coherent states have minimal fluctuations,
almost classical states = very weak signal

im J

2) — ——/d“xh h™mo b b,

SO = —Ax? / d*xb(x)e; i (a,akh{,,amiz“ + higkh] — a,,,akh{amiz“)



Chern-Simons Gravity EFT up to second order in tensor perturbations

1

= /d4a: V=g [2% E 5(6,1b)(6“b) ! pi b° — AbRCS]
K

Pla

Muy = N + Khyy, khy,, <1

v =0,...3

g(l) — K / d* xh,-jTU . ‘ produces coherent gravitons, not of interest here
GR 2

produce squeezed
(2) — —— | Ay h., h;n dbdb. en'r.angled gravitons,
/flm erest here

SO = —Ax? / d*xb(x)e; i (a,akh{,,amiz“ + hiokh] — a,,,akh{amiz“)



Chern-Simons Gravity EFT up to second order in tensor perturbations

R 1 1
S = /d4:v\/—g — — =(8ub)(0"b) — spi b> — AbRcs
2K 2 2
Quantum Optics Axion
Analogue: entangled CIO[;?, axion
Spontaneous  squeezed
- Four-wave graviton
S =3 / d*xh;;TY, Mixing (SFWM) N\ o

|

'produce squeezed
entangled gravitons,
‘of interest here

K> .
S?) = —— / d*xh;, h"0'bd’b,
GR 2 J

'

9(35) = —Ax? / d*xb(x)e; j (c),()kllf;,()"’il’i + Widkh] — 0,,0kh]om it )



Chern-Simons Gravity EFT up to second order in tensor perturbations

1 1
4 2 ;2
/d Ty — |:2[-',:2 — 5(8ﬂb)(8ub) — §l'l“b b — AbRCS
Axion
) cloud
Quantum Optics S:t“::;f:c}
Analogue: graviton pairs
(1) A : Spontaneous axior}f
gGR ) / d"xh; TJ Parametric
Down-Conversion (SPDC)
produce squeezed
2) — —— | d&®xh.. hmdbdb. entangled gravitons,
imj of interest here

Q(Cz; = —AK2/(14xb(x)e',-jk ((),()klzf;,()"’il” + Wioki) — 0,,0h] o™ h"



Evolution Operators > Towards evaluating Squeezing

l

Pure gravity (GW part) 5 LEI—I o
452

1
—g {Evyhaﬁvrhaﬂ + R%;5, hish™

Sew = — Z /d:/ Bk, 2> = K|k, 7))

/l—L R



Evolution Operators > Towards evaluating Squeezing

Pure gravity (GW part) S ‘CEH _ 41_2 —g Evrha ﬂvrha/f + R4, s hf,hw].
K

Sew = — Z /dr/(m |h,z1* = K|k, )

A—L R

.. Y —ik-x i - = 0; 270 k—k
h;i(t,x) = / ) /2m E {uk a, ze +Hc] l[“ “1 ,\] G207 ( )
Qk =k

Frequency of GW __
with momentum K.




(l)(t) _ /(]3_’T'J(t x)h,j(t X).

! t) = _2 [ﬂﬂ.(h +/3,1( )a,{ k]
k,A

B(t.k) = = fke‘Qk’e )(k)T¥(t,—k),

Scattering makrix

§) _ i [ anily

Fourier T%(t,—k) = /d33c’e“"i‘.‘f7"'j(t.i)

= exp Z(ﬁ 2B




GR axion-graviton terms : E;z) — - ;him 11'"j()ib()jb ‘

HP = = / P3N I b'b,

=35 futie( [ @50b0rbe @07 (el )] ], 0 4 b

kK AA

) Zkafk’(/d3i’dib0ibe_i(’;+£l)'f)( (A)( k)lem o7 (—.)] Ik&A’k"'(Q‘ 2% ) + H.c.

kK A




Gravitational Chern-Simons (gCS) terms:

2 ! J v —iq k)% 7
g():s = Zze (Qﬁg‘)t(/ d*3b(x)e (k+k)x)f,1,,1'( ;

kK AA

£ ) el ( / d"’fb(x)e"'(""")'f)gu'(ié. K)al a;

Kk AA

where

fap (k.K) = iAfifouQpl; u(k' e (K)kye'y) (k') — kikjeln) (k) el) (k') + @ Qpel) (K)e “’(k)).

o (K, K ):iAfkfyszkszkfz,;,ul(—/amef:}< Veile$y ()] + kel (k) ehn) (k)] — 2 Qpe') (k >[e<’<“)1“).



Squeezing

Squeezed State - quadratic interactions of gravitons

v) _HD fjk S(Z)‘O>~

D(S,z) =exp [5,1 iéa ;k a, k]

5(2) (GR) At multimode
SGr = €Xp —ZQU a, aJ ' squeezing operator



GR axion-graviton terms (dominant over CS, cf. below):

K . .
33 m; :
2 '/d -XIll’nlzj dbdlbq

(/ d*X0'bd be~ ‘("+")") ( 1(;2(7‘.) ,(:;)(/_(. )0:'1 ko‘zj o c)i(QkJ”Qk’)") + H.c.

( / 5o bdbe '(’~+k>X>( i (K) g (K)]'d 2, ,—;e'(ﬂrgk')") +H..




GR axion-graviton terms (dominant over CS, cf. below):

2 -
331 m I
?'/d -XIII"IIIJ‘ abdjb*

1 I |
—EZkafk/</d3Ad’bd’be l(m)x)( D (BB ®@)a'a" F(,,(gﬁgk,).,) T He

( / 5o bdbe '(’~+k)X)( o) (k) [el2) (K )]dejdl,,,-\;,e"(Qk‘Qk’)”) +H..

Superradiant condensate axion field
in 2p axion state

b(t,r,0,¢) =

Detweiler, PRD 22, 2323 (1980)
Britto, Cardoso, Pani, Lect. Notes

Phys. 906, 1 (2015) Z Z (@O 2) 1, 1 N, ( / e L0, pd/ ¥y,
4y,

i A

N,, = number of -
—i(k+K')% ,(4) (1) o) At At _
Axions in 2p state x e kK T o (k)ep (K )al,,;aa,’;g) +He.  (6.1)



Multimode Squeezed graviton States

Evolution operator has the form of multimode squeezing operator

LI =(\E)

Graviton states

T = life time of cloud

Tsinc [(Qk + Qe — E) (T/2)] T 22§ (% + Qs — E)
Hence,

N A A 1
StarS =" (ursés +vrsdh),  prs =061+ o1 29T + -
J M

1 *
vig =9rJ+ a0 Z Grm9y9s + .. .
M.L

Number of squeezed graviton states




Some details: 2p axion state - GR terms Superradiance

(GR) _ 3 = 6"\112,, 61'\112,, —i(k+k')-Z (A) (A)
f(k A)(kl A7) fkfk'NQP(/d xr 4l_l,b € (k)e (IL )

N,,=number of Axions in 2p state
enhancement factor

For long cloud lifetimes T I N2, >> 1 axion states
F(GR) _ _ Jfrfiw N2

Q(GR) —21 T f (CR) (RN EA) Ay ; (/\)(k) I”(I‘ K ma)(’"')

(R R) = [ @7 008ap(@) (0% (2)) e F+5)2

__ZL iQ _: . —1
o €'¥sinfl, 1ro= (auﬂ»b)

o 1 r
0



Some details: 2p axion state - CS ferms Superradiance

enhancement factor

For long cloud lifetimes T I Ny, >> 1 axion states

(CS) (CS) (CS) iy /Nz 2 2 (CS)
gI 2 T.F f(A,E)(A',E') _ 'I,A fkfk Q Q d I(A,E)(AI,EI)
I8 o iy =l Uap(R+F) ([6(3)(E')]m e (R) €5 (K@ (R)]: + (1 —cos AB) e)(R) el (k) )
. . . 5/2
Fourier transform of Wo,(Z) = 128i/m q 7y

sin qui(pq ro = (a#pb)—l

Y0 = 1)



Different enhancement factors between GR and CS terms

------ massive axion-like field

Polarizarion Ent:amgled
gravitons

Polarization
Entangled
gravitons

enhancement

> 4

CS squeezing is subledding to GR-induced one by many orders of magnitude  Courtesy N Kouniniotis



Important technical
remarks on the
above estimates of

the Graviton squeezing
Evolution operator




Mathematical Comparison: Dyson Series vs. Magnus Expansion

Quantum Mechanical Evolution operator U(t):

d
~U(t) = ABU(H), U0)=I

Feature

Dyson Series

Magnus Expansion

Mathematical
Form

Time-Ordering

Physical Proper-
ties

Simplicity
Common Use
Cases

Expands the time-evolution operator U(t)
as an infinite sum of time-ordered inte-
grals.

Requires the explicit use of a time-ordering
operator T for all terms.

Truncated series generally loses strict uni-
tarity (or probability conservation).

Formal power series are much simpler and
straightforward to derive at higher orders.

Analytical quantum field theory, Feynman
diagrams, and linear perturbation theory.

Expands the logarithm of the evolution
operator as a sum of integrals involving
nested commutators (U(t) = e?®).

Eliminates the time-ordering operator; in-
stead, time information is implicitly con-
tained within nested commutators.

Truncated series perfectly preserves quali-
tative physical properties like unitarity and
symplectic structure.

Expressions become increasingly intricate
at higher orders due to the use of Bernoulli
numbers and complex commutators.

Geometric numerical integration, classi-
cal mechanics, and control engineering in
quantum computing.

Table 1: Comparison between Dyson Series and Magnus Expansion.



Mathematical Comparison: Dyson Series vs. Magnus Expansion

Quantum Mechanical Evolution operator U(t):

d
—U(t) = AR)U(®), U(0)

=1

Feature

Dyson Series

Magnus Expansion

Mathematical
Form

Time-Ordering

Physical Proper-
ties

Simplicity
Common Use
Cases

Expands the time-evolution operator U(t)
as an infinite sum of time-ordered inte-
grals.

Requires the explicit use of a time-orderjpre
operator T for all terms.

Truncated series generally loses strict uni-
tarity (or probability conservation).

Formal power series are much simpler and
straightforward to derive at higher orders.

Analytical quantum field theory, Feynman
diagrams, and linear perturbation theory.

Expands the logarithm of the evol
operator as a sum of integrals invc
nested coms oS2(E))

ained within nested commutators.

Eliminates the time-ordering operator; in=
stead, time information is implicitly con-

More suitable

to us, upon

the assumption
that graviton
emission is

a rare event

- Hamiltonians
@ spacelike
separations
commute

Truncated series perfectly preserves quali-
tative physical properties like unitarity and

symplectic structure.

Expressions become increasingly intricate
at higher orders due to the use of Bernoulli

numbers and complex commutators.

Geometric numerical integration, classi-
cal mechanics, and control engineering in

quantum computing.

Table 1: Comparison between Dyson Series and Magnus Expansion.



Dyson vs Magnus expansion of Evolution Operators

The Dyson Series Formula Ut)=1+ Z Un(t)

n=1

e First Order (U;):

Ul(t) — ‘/Ot A(tl)dtl

e Second Order (Us):
t t1
Un(t) = / Alty)A(ty) dty dt,
o Jo

e General n-th Order (U,):

Un(t) = /0 t /0 o /0 T At Alts) . A(ty) db . dta dis

Compact Time-Ordered Form

T rearranges operators chronologically from right to left

Uty =T {exp ( /O CA®) dt') }




Dyson vs Magnus expansion of Evolution Operators

he Magnus Expansion Formula

oxpresses the evolution operator as a single exponential:

U(t) = exp(2(t)) where Q(t) = i Qi (t)
k=1

e First Order (,):
¢
() = / A(ty) dt
0

e Second Order (£3):
ty

Qg(t) — %At o [A(tl),A(t2)] dt2 dtl

e Third Order (Q3):

)= [ [ [ (1), [Ak), Aw)] + [A(t), [Alt2), A dis dta s

General Recursive Formula

()= Y Hadjy, (A1)

=0



In our case of superradiant axion cloud studies : Assume rare event rates = omit time ordering in Dyson;s formula
Cleare seen in Magnus expansion , which is an expansion of the exponent according to the
commutators of the Hamiltonian at different times. Specifically, the Magnus expansion

S =exp [ZM,,],
n
M, related to commutators of the Hamiltonian at different times. Indeed, in Dyson’s expansion:

S=I1+>, P,

Then, there are the following relations between the two expansions

M, = Py,
M, = P, — P2, In our case of graviton produc.tion (similarly in.
| the cases of SPDC and SFWM in Quantum Optics)

| | we assume that it obeys
Py —=(P,P,+ P,P,) +=P3, Y X
2 3 _[ﬁint(xl ), Hint_(x)] =0
i.e. emissions are rare, occurring at space-like separated
spacetime events
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NB: Entangled 2-graviton state -0.00025f

-0.00005 F

-0.00010 F

-0.00015

-0.00030

_L(s@n (GR) (GR) (GR)
War) =3 (g(R,E)(L,E') LY 90 my i B+ 9w iy 2D F g(R,ExR,E')'RR))

2

————
-
-~

LR and RL

2 A A 2 4
1.0 1.5 2.0 2.5 3.0
At

FIG. 2. Angular and polarization correlations for the GR

interaction. The 2p-state results in the asymmetry between

. GR GR GR GR the LL and RR pairs. The plot corresponds to a, = 0.1.
with g( ) Q( ) > g( ) Q( )
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Gravifon-Squeezing GR terms

d? (GR) e \°
N2 T
deQ’ )(g” )‘ 1287r (Mpl) 2p © Hb

’ 'S / N(GR)
xg/dkdk kk'S k+k ) (Akwk,)|

kO =k /up and T=T/u}  Axion mass: y,

Y1615 £ 2.5 x 10715 T,
I,J
Life time of cloud can be sufficiently long compared to the

characteristic scale T, superradiance is effective,
eg 7> 107t; -> significant multimode squeezing

0.1) < STIGIS™ P < 060 — 75 - (Ngr) >>1

S
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~—
|

~
<
l
—~
|
~—r

a/(GM) ~ O(1)
M =Rotating Black Hole Mass

a, = GMp,=0.1



e.g. Stringy RVM Cosmology,

GraVlfon-Squeezmg CS terms Basilakos, NEM, Sola Peracaula

(CS) 3/2

String-inspired models for string-model independent axion Ty Byovin/To
(assuming it gets a mass p, via some mechanism) ; ;

100

4 3 B |
SCS:—Z/d‘ix\/—_g b RuupaR”“Pa‘ A~ 10 2Mp]/]\ls2 3

=50

=100p

NB: Maximally enfangled 2-gravi’ron state (Bell fype) FIG. 3. Angular and polarization correlations for the CS in-

teraction. Only pairs of opposite polarizations are produced;
Maximal entanglement occurs between the L. and R polariza-
tions. The plot corresponds to a, = 0.1.

1
Wes) = 5 G i (L) = |RL))
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e.g. high M Stringy RVM inflationary Cosmology,

Grawfon-Squeezmg CS terms Basilakos, Dorlis, NEM, Sola Peracaula, Vlachos
String-inspired models for string-model independent axion L ooein/To

(assuming it gets a mass p, via some mechanism)
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Significant
suppression factor,

eSPECia"y for high String scales Ms Maximal entanglement occurs between the L. and R polariza-
tions. The plot corresponds to a, = 0.1.

FIG. 3. Angular and polarization correlations for the CS in-
teraction. Only pairs of opposite polarizations are produced;

Hence, even for long-lived clouds CS-induced
graviton squeezing will be suppressed compared

to GR-induced one -




What can we do with these results?

s*Compute the polarization entangled graviton correlators and
study their symmetries

Do axion phenomenology = by not having observed graviton
squeezing so far at current interferometers

—> impose upper bounds on the life times of the axion clouds

**Hope for observations of the polarization-entangled squeezed states
in the future
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Dorlis, Vlachos, NEM
PRD110 (2024), 063512

Linear axion potential and Running Vacuum Model (RVM) Inflation 2403.09005 [gr-qc]

Dynamical System approach to inflation

B+3H6+V,b=O

6
@ = <3cos¢ — §A> sin ¢

N = —V6(I' —1)A\? cos ¢

T =cosp , Yy = sing ‘



https://arxiv.org/abs/2403.09005

, VB ¢\
)Y @ = (300550— 5 1_<> sin ¢
A+l —V6(I' = 1) cos

J

0.6

0.2

0.0

1.0

0.8

0.4

-----------

Phase Portalt for the Lmear Potentlal

IIIIIIIII

Xpansion =

\\\ i/
)=

Inflation
(exponential
Expansion wy, = -1)

( — ¢ plane.



: A\ @ = (3cos<,o—\/6 ¢ )Sin(p\
_ N 2 1—¢
A+1 ¢ = —\/f_i(l" —1)¢%cos The condensate <RMVPO—R“VP0> induced
g J
by quantum graviton fluctuations of chiral
| | ‘quati'o'n'o'f S‘ta't'e,'wb' - (left-right asymmetric) GW type
1.0_1 i ) T ) T T ]
1 : : — ,=0.06
f ' “enen 42007
0.5 I . ~ . Ard 4.
: s 2=0.09 | total H 3
; ' - R =N;———b/H
i . ceiee 32014 ] < CS> Ni w2 I+
Wy, 0.0_ : E ] loga
0.5} .: :
sol 1 _o" /| A \/5 o’ String EFT:
L uk* : C h-. R T R - Q . = M.=(a’ -1/2
0 10 20 30 40 50 348k K= M= (o)

Evolution of equation of state for the orbits of the linear b-potential phase space

For some initial value of Ps inflation with e-foldings N, > 50 is achieved for { < 0.06 (inflation = saddle point)



g , V6 ¢\ )
A @ = | 3cosp — 5 1-¢ sin ¢
A+1 ¢ = —\/6(1" —1)¢%cos The condensate <RMVPO—R“VPU> induced
. J
by quantum graviton fluctuations of chiral
_ Equation of State, wy, - (left-right asymmetric) GW type
1.0 _l i ) T ) T T ]
it : : — 7;=0.06
f ' “enen 42007 ] Hubbl
0.5+ F ' ~ ! Ayl . ubble
: s 2=0.09 | total H 3
A [ i R — b H
i . ceiee 32014 ] < CS) Ni w2 I+
Wy, 0.0 i E ] loga GW
: . sources
: " - UV cutoff
B! ' | of graviton
SN T __._/' /| A — 2 o String EFT: modes
-1.07| L e e ey ] - § A8k U= M= (0(’)-1/2

40 50

b; ~ 10~ H; Mp,

o
=
=)
)
o
P
(¢}
w
(=]

Evolution of equation of state for the orbits of the linear b-potential phase space

For some initial value of Ps inflation with e-foldings N, > 50 is achieved for { < 0.06 (inflation = saddle point)



: A o = (300590— v6_¢ )sincp\
__ - - 21—
A+1 ,
— —V6(I' —1)¢2 cos
L ¢ (I' = 1)¢" cose )
_Equation of State, wp,
101 . : ' — £,=0.06 ]
E : -emee $=0.07
0.5 : " - §=0.09 ]
I ' wmm 3=0.14
Whp 0'0_ E ] loga
[ : sources
0.5) : :' - of graviton
Y }: A \/5 o/ String EFT: modes
-op e —_ =1/ 3 = M, = (a’) /2
0 10 20 30 40 50 sS40 K (@)
Ne by ~ IO_IH]Mpl

Evolution of equation of state for the orbits of the linear b-potential phase space

For some initial value of Ps inflation with e-foldings N, > 50 is achieved for {< 0.06 (inflation = saddle point)



The Gravitown
Correlakors

and
Entangled States




NB:

GR correlations in

GR) 2
(/\.k;)()\’,l\:’)/“h

absence of anomalies

35x10 6 pr T
3.0x1076
25x1076 F
20x1076F
1.5x1076 F
10x108F .. LL

50x10°7F -o-- - RR

Ofr——c e~ T I

-
---------

0.0 0.5 1.0
(GR) 2
(,\.E)(,\'.E')/“"

1.5 2.0 2.5 3.0

0.00005 F

0.00000

-0.00005

-0.00010F

-0.00015

-0.00020

-0.00025 f

-0.00030 ka

----- LR and RL

1.5 2.0 2.5 3.0
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FIG. 3. Angular and polarization correlations for the CS in-
teraction. Only pairs of opposite polarizations are produced;
Maximal entanglement occurs between the L and R polariza-
tions. The plot corresponds to a, = 0.1.
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tions. The plot corresponds to a, = 0.1.
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FIG. 2. Angular and polarization correlations for the GR
interaction. The 2p-state results in the asymmetry between
the LL and RR pairs. The plot corresponds to a, = 0.1.
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Above, we have seewn that...

In CS gravity, squeezing effects (at least for realistic models)
due to CS gravitational anomaly terms are subleading to those due to the GR terms

of the effective action

GR squeezing: | Y™ |GiCM2 <95 x 10715 Ty .

I,J

a/(GM) ~ O(1)
characteristic scale ¢ superradiance is effective, a 1L — GM 1y — 0.1

eg 7> 107 T, D.Baumann, H.S. Chia, and R. A. Porto,
PRD 99 (2019), 044001

Life time of cloud can be sufficiently long compared to the

- significant multimode squeezing

0(0.1) <Y " 16;571> < 0(60 — 75) » (N,) S0O(10° —107) >>1
I.J

if upper bound
saturated



Graviton single-mode Squeezing can already be constrained from = M.P. Hertzberg, J. Litterer,
current LIGO-Virgo data JCAP 03 (2023) 009

Assumption that a single mode k™ is significantly squeezed in the GW from merging of two BH
(which LIGO-Virgo observe):

Gaussian profile of squeezed modes, with the peak
corresponding to the characteristic frequency



Graviton single-mode Squeezing can already be constrained from = M.P. Hertzberg, J. Litterer,
current LIGO-Virgo data JCAP 03 (2023) 009

Assumption that a single mode k™ is significantly squeezed in the GW from merging of two BH

(which LIGO-Virgo observe): squeezing function

- k Sare (1) = . .
wavefunction ¢s h t) X H H H exp [7' Gakp 2h7rackphakp 6471'1‘(}1)(5'7'2), (hak,p — hac,k’p(t))z

a=1,2 k p=+,x
like collection of harmonic oscillators

hac,k,p (t)  solution of classical graviton egs ﬁac,k,p — _ kzilac,k,p

hk’p(t) — / dS:B hp(X, t) e—ik-x (Fourier transform of GW perturbation)

Sax p(t) = Tanh (Tanh_l(ﬁak,p) +1 kt)

Sak,p(o) — /Bak,p eak,p(t) — / Sak,p dT o }.hac k,p(t)ﬂ'ac,k,p(t)



similar to coherent states, but product of variances does not
saturate the uncertainty principle and it depends on time

NB:

0u(,0) o exp | £po(0) — 3 mn(z — 20(0))?

B3 is the “squeezing parameter” 6+1
B =1 ‘ retrieve the coherent state

Solution of time dependent Schroedinger ‘s equation yields:
S(t
Ye(x,t) o exp [z €(t) —|- po(t)x — ( )mwo(:c — (1))’ ]

Squeezing function

1 [ 1
e(t) = —=w dt' S(t') — —zo(t)po
(2) 2 0/0 tS(¢) 2h o(t)po(t) S(t) = Tanh (Tanh_l(,@) + 1wy t)

S(0) =




Graviton single-mode Squeezing can already be constrained from | M.P. Hertzberg, J. Litterer,
current LIGO-Virgo data JCAP 03 (2023) 009

Assumption that a single mode k™ is significantly squeezed in the GW from merging of two BH
(which LIGO-Virgo observe):

Gaussian profile of squeezed modes, with the peak ¢ 27Tf*
corresponding to the characteristic frequency |:> og = VAme>’ =
f* ~200Hz 3
wp] = ~ 1.9 x 10¥ sec™!
data from the event VGh
GW150914 |:> oy ~ op, ~ 0.16 x 1072

The non- observation squeezing effects
put constraints on squeezing parameters Cp < 4 1




Such an analysis should be extended to our entangled squeezed graviton states

If the above bound is valid then, in view of

31615 £ 2.5 x 1071 Ty
I,J

ZZ the square of the squeezing
parameter in the single-mode
analysis

Hence if < 41 (if previous analysis applicable to our case) =

the long-life time T =107t situation for axionic clouds

is compatible with current interferometer data (LIGO-Virgo etc)

In general the (saturated) upper bounds on the squeezing parameter,
will impose upper bounds on the allowed axion-cloud life time

T< 6.7 %107,



Such an analysis should be extended to our entangled squeezed graviton states

If the above bound is valid then, in view of

T=10"T1,

D. Baumann, H. S. Chia, and R. A. Porto,
<=J PRD 99 (2019), 044001

31615 £ 2.5 x 1071 Ty
I,J

2 theSquare of t 9
Z parameter in the For u,t,=2.4x10

analys we obtain

Hence if (<41 (if preyvigus analysis applicable to our ¢ T<2.8x10° T
the long-life time T =107 1, situation for axionic cloud§ for the allowed range
is compatible with current interferometer data (LI
In general the (saturated) upper bounds on the gfueezing parameter,
will impose upper bounds on the allowed apOn-cloud life time

T< 6.7 %107,




Future Detection

Future detection of such gravitons using combinations of interferometers could
justify, or falsify, depending on the strength of the signal, the assumption on
the EFT nature of QG.

Observation of Polarization entangled gravitons is direction dependent
Tracing out unobserved d.o.f. creates additional “*thermal” states, beyond those
by conventional sources, > indirect clue for detection in future facilities, quantum tech. ?
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Ultra Light Axion (ULA) DM (allowed in string theory)

Contribution to galactic growth if dominant DM species
D.J.E. Marsh,

Phys. Rept. 643, 1 (2016)
[arXiv:1510.07633 [astro-ph.CO]].

m, = 107%% eV

Overdensity ¢

—— k=10"*AMpc! |
—— k= 0.1hMpc!
—— k= 0.3hRMpc!

10°  10% 10° 102 107! 10
Scale factor a

R. Hlozek, D. Grin, D. J. E. Marsh, and P. G. Ferreira, Phys. Rev. D91, 103512
(2015), 1410.2896.



Halo Density Profiles and ULA
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[arXiv:1510.07633 [astro-ph.CO]].
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BBN Constraints on f,
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or in general massive
1/] fermion Y of mass m;

ot = ",

¢ = axion, Use massive fermion equations of motion so as t
to obtain effective axion-fermion interactions :

Ly=crmpdppy° v/ fa

Implying production of heavy fermions f,via @ + 7 — f+ ]
which can alter the proton to neutron ratio during BBN



;=1 Ly =cympppy*V/ fa

BBN bounds on £,

9.5¢

= 0.1,0.5,1 (green, black, red)

BBN constraints rule out
f, < 10° GeV for a
wide range of Masses m,.

Logo(fa/GeV)

Log,o(mg/2 GeV)

D.J.E. Marsh,

J. P. Conlon and M. C. D. Marsh, JHEP10, 214 (2013), 1304.1804.  Phys. Rept. 643, 1 (2016)
[arXiv:1510.07633 [astro-ph.CO]].



