e

From Fierz-Pauli to Einstein-Hilbert

Gravity as a special relativistic field theory

Bert Janssen

Universidad de Granada & CAFPE

A pedagogical review
References: R. Feynman et al, The Feynman Lectures on Gravitation, 1995

T. Ortin, Gravity and Strings, 2004

B. Janssen (UGR) Granada, 14 dec 2006



Central Idea

Orionites with knowlegde of
e special relativity
e quantum field theory

e standard model & QCD

e NOT general relativity

B. Janssen (UGR)

Granada, 14 dec 2006



Central Idea

Orionites with knowlegde of
e special relativity
e quantum field theory
e standard model & QCD
e NOT general relativity

discover gravity
m1ms

F =Gy

B. Janssen (UGR) Granada, 14 dec 2006



Central Idea

Orionites with knowlegde of
e special relativity
e quantum field theory
e standard model & QCD
e NOT general relativity

discover gravity
Ty

F =Gy

They will try to describe gravity as a special relativistic field theory

— try to find a bosonic field (graviton) that is responsable for gravity

B. Janssen (UGR) Granada, 14 dec 2006
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Properties of the graviton:

Gravity
e is long range = Massless
e is static = integer spin (bosonic field)
e is universally attractive = even spin (spin 0, 2, 4, ...)

e has deflection of light = not spin 0
spin 0 propagator ~ k~*
only coupling T#, k== T",
electromagnetism (in D =4): T#, =0

e theoretical problems for spin > 5/2 = spin < 2

—> Spin 2 field h,,: Representation theory: 16 =9+6 +1
with 9 = symmetric & traceless
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Properties of the graviton:
Gravity
e islong range = Massless
e is static = integer spin (bosonic field)
e is universally attractive = even spin (spin 0, 2, 4, ...)

e has deflection of light = not spin 0
spin 0 propagator ~ k~*
only coupling 7*, k> T",
electromagnetism (in D =4): T#, =0

e theoretical problems for spin > 5/2 = spin < 2

—> Spin 2 field h,,: Representation theory: 16 =9+ 6 + 1
with 9 = symmetric & traceless
6 = antisymmetric = spin 1
1 = trace = spin 0

—> Massless traceless symmetric spin 2 field h

B. Janssen (UGR) Granada, 14 dec 2006
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Outlook

1. Introduction 1: Short review of General Relativity
Introduction 2: Electromagnetism as SRFT of spin 1
Construction of Fierz-Pauli theory

Consistency problems with couplings

Deser’s argument & General Relativity

AN S

(Philosophical) Conclusions
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1 Short review of General Relativity

Einstein & Hilbert (1915):
Gravity is curvature of spacetime, caused by matter
— Interaction between ¢, and 7},

S % / 42 /191 R+ Lo

Ry — 59wR =rT,
with
R,Lw — 6LLF1)/\>\ - akri\w + Ff;O'FKI/ o Fi\wFio
F,Zl/ — %gpa (augav T aug/w - aag,uu)

1 5£matter

T,, =
Vgl g

— Very geometrical way to understand gravity
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Linear perturbations of Minkowski space

Suppose g, = N + hy
h = h', = n"h,
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Linear perturbations of Minkowski space

Suppose g, = N + huy
h = h', = n"h,

— ¢ =n, —chy

Ry ~ 32 0%y, + 0,00k — 0,07 hy — 0,0°hy,
Ry — lguR ~ L [a%,w + 8,0,k — 8,0y, — 0,0,

(0% — D, 0Nh )

1 ~0+eTy
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Linear perturbations of Minkowski space

Suppose g, = M + hy
h = hty = n'h,,

= ¢ RN —ehw
Ry ~ 32 0%y, + 0,00k — 0,0"hy — 0,0°hy,
Ry = 39w R =~ 5|0y + 0,0,h = 0,0°hy, — 0,0"
(0% — D, 0Nh )
1y =~ 0+eTy,
Einsteineqn R, = —k(T,, — 59,T) =

L10°hy, + 0,0,h — 0,0, — 8yc’9”hup} ~ — (T = 57w T)

B. Janssen (UGR) Granada, 14 dec 2006



Linear perturbations of general solution
Suppose g, = Gu + el
— Ry~ Ry + 32 | Vi + V,0,h = V,V'hy, = V, 9%y,
1, ~ TW + T

Einsteineqn R, = —k(T}, — 59.,1) =

] R = k(T — 397)

S YV + V00— Y,V by, — VPR,

~ —/{(TW — %QWT — %hWT — %gw,hpATpA)

B. Janssen (UGR) Granada, 14 dec 2006



Gauge invariance

Suppose g, = N + hpy
oxt = &P, with &/ =0+ e
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Gauge invariance

Suppose g, = N + hpy
oxt = &P, with &/ =0+ e

== 09 = £ 0pGpv + 0u€" Gpv + 008" Gy

€ dnw =0

€' Ohuw = 0uxy + Ouxy — “Gauge invariance”
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Gauge invariance

Suppose g, = N + hpy
oxt = &P, with &/ =0+ e

== 09 = £ 0pGpv + 0u€" Gpv + 008" Gy

€ dnw =0

€' Ohuw = 0uxy + Ouxy — “Gauge invariance”
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Gauge invariance

Suppose g, = N + hpy
oxt = &P, with &/ =0+ e

== 09 = £ 0pGpv + 0u€" Gpv + 008" Gy

9] 01 =0

€' Ohuw = 0uxy + Ouxy — “Gauge invariance”

= oI, = 0,0,x”
OR,n = 0R,, = 0

NB: g;w — 77;w ‘l_ ghﬁ“/ Wlth huv — ,UXV —|— aVX,u
—> g = N Since hy,, 1s pure gauge

B. Janssen (UGR) Granada, 14 dec 2006



Let’'s  forget

about all this

(for a moment)
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2 Electromagnetism as SRFT of spin 1

Massless spin 1 field A,

0,0" A = 5

B. Janssen (UGR) Granada, 14 dec 2006
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2 Electromagnetism as SRFT of spin 1

Massless spin 1 field A,

0,0 A” =

— not pos. def. energy density due to non-physical states
(A,: 4 components «— photon: 2 helicity states)
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2 Electromagnetism as SRFT of spin 1

Massless spin 1 field A,
0,0'A” = 35"
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2 Electromagnetism as SRFT of spin 1

Massless spin 1 field A,

0,0 A” =

— not pos. def. energy density due to non-physical states
(A,: 4 components «— photon: 2 helicity states)

e We can impose Lorenz condition 0, A" = 0 by hand

—> 0,J" = 0 (charge conservation)

e We would like £ such that eqns of motion yield F#"(A) = j#
charge conservation = 9,F"(A) =0
gauge identity implying Lorenz cond.

B. Janssen (UGR) Granada, 14 dec 2006 10



Most general Lorentz-invar action, quadratic in 0A
L = «a0,A0A” + (0,A4,07A"

Eqns of motion: F"(A) = a 0*°A” + 3 0,0" A" =0
Gauge condition: 0,F7"(A) =0 = a= -0
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Most general Lorentz-invar action, quadratic in 0A
L = «a0,A0A” + (0,A4,07A"

Eqns of motion: F"(A) = a 0*°A” + 3 0,0" A" =0
Gauge condition: 0,F7"(A) =0 = a= -0

The action is
L = —% 0,A,0"'A” — 0,A,0" A"

p— _iFIUJVFMV Wlth FMV — a,uAV - aVA,u

FY = 0, Fr

B. Janssen (UGR) Granada, 14 dec 2006
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Most general Lorentz-invar action, quadratic in 0A
L = ad,A0"A" + B0,A,0"A"
Eqns of motion: F"(A) = a 0*°A” + 3 0,0" A" =0
Gauge condition: 0,F"(A) =0 = a=-0
The action is
L= ~3|0,A0"07 — 9,A,0"A"]
— _i B, F* with  F,, =d,4, — 0,4,
FY = 0, Fm

Gauge invariance:

oL oL
oL = &“6(8MAV)  SA,

SAY = 0,F"™5A, ~ 0,0,F"™A

—> 04, = 0,

B. Janssen (UGR) Granada, 14 dec 2006 11



Coupling to matter

Egns of motion:

Invariant under:

Ly=10,0"0"¢p — 1F,, F"

0,00 =0,  0,0M0" =0,

0A, = 0,A (local U(1))
0 = ieAd (global U(1))

0, F1 =0

B. Janssen (UGR)

Granada, 14 dec 2006
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Coupling to matter
Ly=10,0"0"¢p — 1F,, F"

Egns of motion:  0,0"¢p = 0, 0,0 ™ = 0, o0, =0

Invariant under: 04, = J,A (local U(1))
0 = ieAd (global U(1))

Noether current for A:
Lo = —50M(0°0"0 — 00"6") = A,

jﬁ)) preserved on-shell: 0, j(ﬁg) = {gb* 0,01 — PO, 0" gb*}
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Coupling to matter

Ly=10,0"0"¢p — 1F,, F"

Egns of motion:  0,0"¢p = 0, 0,0 ™ = 0, o0, =0

Invariant under: 04, = J,A (local U(1))
0 = ieAd (global U(1))

Noether current for A:
Lo = —50M(0°0"0 — 00"6") = A,

jﬁ)) preserved on-shell: 0, j(%) = 4 {gb* 0,01 — PO, 0" gb*}
J() 18 not source term for F**

— add coupling term £ ~ eA,j (%)

B. Janssen (UGR) Granada, 14 dec 2006
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Coupling term

1= 40,000 ~ {F P+ e

with ji; =5
Eqn of motion: 9, F" = ejj
0,0 p — i€, Alp — 2ieA,0"d = 0
0u0" 9" +1e0, A" + 2ie A, 0"¢" = 0

L

Problem: j (0) is not conserved on-shell!

0 = 9,0,F"™ = ity # 0

(67016 — p0r6")

B. Janssen (UGR) Granada, 14 dec 2006
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Coupling term

L1 = 50,0"0"¢ — 1 Fu I + eAujj,

with jfy = % (¢*0"6 — ¢0"¢")
Eqn of motion: 9, F"" = ej,
0,0" b — icd, Al'd — e, D' = 0
0,0"p" 4 1ed, A" 9" + 2ieA,0M'¢p" = 0

Problem: j (‘6) is not conserved on-shell!

0 = 9,0,F"™ = ity # 0

Reason:
Ji) is Noether current of £y, not of £,
Real Noether current: j(“l) — jfg) + e Alp* o

B. Janssen (UGR) Granada, 14 dec 2006 13



Noether procedure

Identify A and A

5A, = 9,A, 5¢ = ielo

B. Janssen (UGR)

Granada, 14 dec 2006
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Noether procedure

Identify A and A

Then:

5A, = 9,A, 5¢ = ielo

5Ly = —cOAjly #0

—add £ ~ eAMj(%)

B. Janssen (UGR)

Granada, 14 dec 2006
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Noether procedure

Identify A and A

0A, = 0,A, 0p = 1e\¢
Then:
0Ly = 6(9/\] =+ 0

0Ly =

— add L~ eAMj(%)

—cOAjlh + cONjl — 20,AA!G ) # 0

— s add £ ~ -62A JARG

B. Janssen (UGR)

Granada, 14 dec 2006
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Noether procedure

Identify A and A

0A, = 0,A\, 0¢p = ieAo
Then:
0Ly = e@A] #~ 0

— add L~ eAMj(%)

6L1 = —cOAjly + Nl — 2O,AA"G ) # 0
— sadd £ ~ —62A JAlG

Ly = 50,0 0") — [F F"™ + e Ayl + 567 A, AV o

0Ly = —e20,AAPY S + €20,NA1G G =0

B. Janssen (UGR) Granada, 14 dec 2006
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Nota bene:

Lo

1€ B} .
50u0°0" ¢ — 1 B + AL (67010 — ¢0" ") + 5e* A AV
= %((Lgb* +ieA,0 ) (0P — ieAVP) — iFWF“’”
= D,¢*'D'¢ — 1 F,, F"

with: D¢ = 0,¢ —ieA,¢
5Dﬂ§b — Dﬂ(5¢)

B. Janssen (UGR) Granada, 14 dec 2006 15



Nota bene:

Lo

= %(@LW +ieA, ") (0" p — ieAlp) — iFWFW
= D,¢*'D'¢ — 1 F,, F"

with: D¢ = 0,¢ —ieA,¢
5DN¢ — Dﬂ<5€b)

Lorentz symm & gauge invariance = free theory

Gauge invariance & consistent couplings

—> fully consistent theory coupled to matter

X 1% Ze X X S
10,600 — AEW P + A0 — 60"67) + 3¢ A, 4090

B. Janssen (UGR) Granada, 14 dec 2006
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3 Gravity as a SRFT of spin 2

Massless spin 2 field 7,
0,0° MW" = T

— not pos. def. energy density due to non-physical states
(h,: 4 components «— graviton: 2 helicity states)

B. Janssen (UGR) Granada, 14 dec 2006

16



3 Gravity as a SRFT of spin 2

Massless spin 2 field 7,
0,0° MW" = T

— not pos. def. energy density due to non-physical states
(h,: 4 components «— graviton: 2 helicity states)

Look for action £ such that eqns of motion yield +,, (h) = rkT"
energy conservation 9,7" =0 = 9J,/H"(h) =0

— gauge Invariant action

B. Janssen (UGR) Granada, 14 dec 2006 16



Most general Lorentz-invar action, quadratic in 0h
L =ad,h,,0"h"”" + b0,h,,0"h"" + ¢ 0,hd"h"" + d 0,hd"h
with i = b, = 9" h,,
Eqns of motion: H"’(h) = a 0?°h" + 20 0,0V h"H* + ¢ VO h

+ ¢ PO, 0NN + 2d nPPO*h = 0
Gauge condition: J,H""(h) =0 = a=—-1b=1c=—d
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Most general Lorentz-invar action, quadratic in 0h
L =ad,h,,0"h"”" + b0,h,,0"h"" + ¢ 0,hd"h"" + d 0,hd"h
with i = b, = 9" h,,
Eqns of motion: H"’(h) = a 0?°h" + 20 0,0V h"H* + ¢ VO h

+ ¢ PO, 0\ + 2d nPO*h = 0
Gauge condition: J,H""(h) =0 = a=—-1b=1c=—d

The action then is

L = 10,h,,0"h"" — 30,h,,0" W + 10,hO°Ph"* — 10,hd"h
H,(h) = 0hy + 0,0,h — 0°0,h,,, — 0°0,h,,
w0 h + 1,,0,00h" = 0

(NB: H,,,(h) is first order of R, — 39, R for g = nuw + huw)

B. Janssen (UGR) Granada, 14 dec 2006 17



Gauge invariance

oL =

Oy

0L 0L

el ¥ ¥ N 2 W17 ~ vp
T MWJM H"PShy, ~ O,H"X

= 0hy, = 0, Xy + O Xy

(NB: 6h,,, is first order of dg,, for g,, = N + chyy)

B. Janssen (UGR)

Granada, 14 dec 2006
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Gauge invariance

spo— |9 0L 0L

_ o qqup ~ vp
”(5(8Mhyp) 5T, Oh H"oh,, O, H"Px

= 0hy, = 0, Xy + O Xy

(NB: 6h,,, is first order of dg,, for g,, = N + chyy)

e Transverse traceless gauge: 0,/ =0 = h

— H,,(h) = 0,0°h,, =0

e De Donder gauge: @fz‘” =0 with hyy = hyw — 5m0h

= H,,(h) = 9,0°h,, =0

B. Janssen (UGR) Granada, 14 dec 2006 18



Coupling to matter

L = Lpp + £¢ + /ﬁjhij“V(¢)

Eqns of motion: H,, = T}, (¢) 0*¢p+..=0

Gauge condition: 0, H" =0 =— 0,7"(¢) =0

B. Janssen (UGR) Granada, 14 dec 2006
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Coupling to matter

L = Lpp + £¢ + /ihw/T“V(¢)

Eqns of motion: H,, = kT},,(¢) 0*¢+ ... =0
Gauge condition: 0, H" =0 =— 0,7"(¢) =0

Questions:
1. How good is this theory?

— Experimental verification

2.1s 0, 7" (¢) = 0 consistent with 9%¢ + ... = 07?

—>

B. Janssen (UGR) Granada, 14 dec 2006
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Newtonian limit
Point mass: T+ = —M §) o 0(x”)
— H" = -—xkMs(z"), HY=0
M

87| x|

—  hgy = P, h;; = (13523 b =

(Newtonian potential)

Action for mass m moving in gravitational potential :

1
S = —m/dt{ 1 —v? + . 2[1+2)2]CI>}
—

Q

/dt{ mu? —mCID—ZmU + mv2<I>+ }

—> Good agreement for light deflection, time dilatation, ...
Perihelium Mercury is 0.75 x observed value

B. Janssen (UGR) Granada, 14 dec 2006
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4 Consistency problems with couplings
Lo = 10,h,,0"h" — 18,h,,0"h"
+ 10,00 — 10,h0"h + 18,00"¢
Egns of motion: H,, =0 0,0t =0

Invariant under: 0h,, = 0,x, + J,x, + k X O\h,,
0 = Kk XH0,¢

ort = —k 2 with X# global symm

B. Janssen (UGR) Granada, 14 dec 2006 21



4 Consistency problems with couplings
Lo = 10,h,,0"h"" — 10,h,,0" "
+ 10,00 — 10,h0"h + 18,00"¢
Egns of motion: H,, =0 0,0t =0

Invariant under: 0h,, = 0,x, + J,x, + k X O\h,,
0 = Kk XH0,¢
ort = —Kr XH with X# global symm

Noether current for > #:
oxLy =Kk 'Y T, (¢) + T, (D)

with 7),(¢) energy-momentum tensor of matter

T,,(h) gravitational energy-momentum tensor

B. Janssen (UGR) Granada, 14 dec 2006 21



_augbﬁugb T %mu(a@Q
Tw(h) = —10,hpn0,h" + 0,h 0 h, — 10,hO h,,

3

AN

=
I

—30"hd"hy,, 4 50,h0" b + 1, Lyp

1 (¢) and 1), (h) preserved on shell:

O"T,(¢) = — 8%¢ 0,¢ O"T,(h) = —0,h,,H'

B. Janssen (UGR) Granada, 14 dec 2006
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_augbﬁugb T %UW(CM)Q
Tw(h) = —10,hpn0,h" + 0,h 0 h, — 10,hO h,,

3

AN

=
I

—30"hd"hy,, 4 50,h0" b + 1, Lyp

1 (¢) and 1), (h) preserved on shell:

O"T,(¢) = — 8%¢ 0,¢ O"T,(h) = —0,h,,H'

T, () is not source term for A,
— add coupling term £ ~ kh*"T},,(¢)

B. Janssen (UGR) Granada, 14 dec 2006
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Coupling term
Ly = 10,h,, 0" — 10,h,,0" W'
+ 30,hO WY = 10,h0"h + 30,60"6 + 5 kDT (0)
Eqns of motion: H,, = kT},,(¢)
0,0") = K0, [hﬂ“ayqb - %hauaﬁ}
Problem: 7),,(¢) is no longer conserved on shell!

0 = 0"Hy = k0"Tw(9) = KO*¢D,¢ # 0 (-22)

B. Janssen (UGR) Granada, 14 dec 2006
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Coupling term
L1 = 10,0 — K00 h
+ 30,hO WY = 10,h0"h + 30,60"6 + 5 kDT (0)
Eqns of motion: H,, = ~7,,,(®)
0,0") = KO, [hﬂ“ayqb - %hauaﬁ}
Problem: 7),,(¢) is no longer conserved on shell!

0 = O"H, = k", (¢) = KO*PD,d # 0 (-22)

Reason:
TH(¢) is Noether current of £;, not of £;
Total energy conserved, not only energy of ¢
Gravity couples also to own energy — non-linear theory

B. Janssen (UGR) Granada, 14 dec 2006 23



Gravity self-coupling
Ly = 10,h,,0"W"" — 10,h,,0" W' + 10,hO hM"
— 10,hO'h + 20,00"d + 1 KW'VT,,(¢) + & KWW T,,(h)

B. Janssen (UGR) Granada, 14 dec 2006
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Gravity self-coupling
Lo = 10,h,,0"'h"" — 30,h,,0" W + 30,hd"h"*
— 10,hO'h + 20,00"d + 1 KW'VT,,(¢) + & KWW T,,(h)

Egn of motion does not give
Huw = 6Lu(9) + KT (h)

due to contribuition of 7),, (/)
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Gravity self-coupling
Ly = 10,h,,0"W"" — 10,h,,0" W' + 10,hO hM"

— 20,h0"h + 30,006 + § KT, (¢) + 5 KR T, (R)

Egn of motion does not give
Huw = 6Lu(9) + KT (h)

due to contribuition of 7}, (/)

— T},,(h) too simple for energy-monentum tensor for h,

B. Janssen (UGR) Granada, 14 dec 2006
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We need L., =k h*"" L, ~ k h(Oh)(0h) such that
Ly = 10,h,0"N* — 10,h,,0" W' + 10,hd” W'
— 20,hO"h + 20,00"d + 1 Kk BT, (0) + kWYL,

yields

B. Janssen (UGR) Granada, 14 dec 2006
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We need L., =k h*"" L, ~ k h(Oh)(0h) such that
Ly = 10,h,0"N* — 10,h,,0" W' + 10,hd” W'
— 10,hO"h 4+ 50,00"¢ + 5k W', () + Kk WYL,
yields

® Tw(h) =Ly — 0, (hpA(ng—giu)

B. Janssen (UGR) Granada, 14 dec 2006
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We need L., =k h*"" L, ~ k h(Oh)(0h) such that
Ly = 10,h,0"N* — 10,h,,0" W' + 10,hd” W'
— 20,hO"h + 20,00"d + 1 Kk BT, (0) + kWYL,
yields
o T (h) = Ly — 0, (M558 )

e [ isinvariant upto order x* under

Ohy = Ouxy + Ouxu + K X 0l 00 = Kk X 0,0
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We need L., =k h*"" L, ~ k h(Oh)(0h) such that
Ly = 10,h,0"N* — 10,h,,0" W' + 10,hd” W'
— 20,hO"h + 20,00"d + 1 Kk BT, (0) + kWYL,
yields
o T (h) = Ly — 0, (M558 )

e [ isinvariant upto order x* under

Ohy = Ouxy + Ouxu + K X 0l 00 = Kk X 0,0

o My = kT () + KT (k) O (T,W(gb) + %(h)) —0

B. Janssen (UGR) Granada, 14 dec 2006
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Most general term for L.,
Leowr = 55 W | 0, hp\O, W™ + B0,k 0°RY, + ..

— 20 terms with 16 coefficients
— determine coefficients by demanding 0, 7" (h) = ~/, H"

B. Janssen (UGR) Granada, 14 dec 2006
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Most general term for L.,

Leowe = 35 W |0 0uhpp 0,0 + B uhpp 0B, + .|

— 20 terms with 16 coefficients
— determine coefficients by demanding 0,7/ (h) = ~/, H"

— Lo = 6 B™ [—%auhmayfw — 01,0,y + O (, D h

+2(9Ahp(u8y)hm — (%hmyh — (‘9Ahwaphm

—a)\h/\(ﬂa,/)h -+ ﬁAhW(’?Ah + %5’#h&,h + nuz/»CFP}

Eqns of motion: H,,, = x7,,,(h) + K1}, (¢)
006 = Ky | WDy — Sho™ug)

Conservation of energy: 0" {Tw(h) + T W(qﬁ)} =0
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e Consistent result upto order «

e Right values for perihelium of Mercury

— previous deficit due to neglecting self-interaction

e What about order x?, k>, ... ?

— Extremely tedious!!
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5 Deser’s argument & General Relativity

7 v A A
Lo= —k Iy [aﬂrgp ~ aprg,,} 4ot [FuprgA -

with 7, = hy — 3100
I, =17,

Invariant under: 0h,, = 0,x, + J, X,
oI, = 0,0, x”

Eqns of motion: [h,) : 9,1, — 50,10, — 59,1, = 0
[FZV] L —K 0pr“” + K 0)\E)‘(“5Z) -+ QnA(”FZ)A
—i T30, = 0T, =

I',] is algebraic eqn for I'), — Constrainton I,
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Constraint on I/, :
I, = 560" | Ouhay + Oyhyn — Orhy

— I, is not independent field

( Ffw is 1st order of Christoffel symbol for g,, = n,, +ehy.)
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Constraint on I/, :
I, = 560" | Ouhay + Oyhyn — Orhy

— I, is not independent field

(T is 1st order of Christoffel symbol for g,, = 1, + €h)

Substitute in A, |:
0°h,, + 0,0, — 8°9,h,, — °9,h,, =0
— Hu— inuH, =0

(1storder of R, = 0for g,, = nu +chyy)

—> L is equivalent to Lpp

B. Janssen (UGR) Granada, 14 dec 2006
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We want to find correction to £, which takes in account the

self-interaction of h,,, such that H,, = x7,,

L1 = =k by | 000, = 0,10, | + (" — kbt [T, 10, = T, 1%,

Egns of motion:
[B,LW]: R, (I')=0

[FZV]: —K (%B“’” + K @JLM%Z) + 2(77)‘<“ — /-ﬁ;BA(”)FZ)A
— (7 = kPTG, — (= kBT, = 0
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We want to find correction to £, which takes in account the

self-interaction of h,,, such that H,, = x7,,

L1 = =k by | 000, = 0,10, | + (" — kbt [T, 10, = T, 1%,

Egns of motion:
]t Ry (L) =0
[FZV]: —K (%B“’” + K c‘?ABA(%Z) + 2(77)‘<“ — /-JLA(”)FZ)A
— (7 = kPTG, — (= kBT, = 0

e Correction term has no 7,,, = No contribution to 7,,(h)
No further correction needed
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We want to find correction to £, which takes in account the

self-interaction of h,,, such that H,, = x7,,

L1 = =k by | 000, = 0,10, | + (" — kbt [T, 10, = T, 1%,

Egns of motion:
[B,LW]: R, (I')=0

[FZV]: —K (‘9pr“’” + K c‘?JLA(%Z) + 2(77)‘(“ — /-JLA(”)FZ)A
— (7 = kPTG, — (= kBT, = 0

e Correction term has no 7,,, = No contribution to 7,,(h)
No further correction needed

e R,,(T)=0,I%, -0, +T, 11 —T, I, isRicci tensor

(Surprise!) What is the conecction I']?
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Define ( - .
N — g BHY = GV

G 9770 = 5/)

/N

\

— ¢, non-linear combination of 4 (infinite series)

— ¢, acts as metric
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Defi ( _ A
efine P B = G

AN AN

G 977 = 5/[1

/.

\

— ¢, non-linear combination of 4 (infinite series)

— ¢, acts as metric

Constraint on I/, :

FZZ/ — % gp)\ a,ug)\l/ T avg,uA — 8)\g,uy

— 17, is Levi-Civita conection
— R(I') = R (9)

— |h,,] is Einsteineqn R, = 0

B. Janssen (UGR) Granada, 14 dec 2006



Egn of motion 7, = 0 invariant under general coord transt

However L is not!

— add total derivative 1, |0,[7, — 0,7,
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Egn of motion 7, = 0 invariant under general coord transt

However L is not!
— add total derivative 7, [GMFﬁp — @pfﬁy}

— Ly = (1" = 5 h) [0, — 9,1

H = kh) D)0, =TT, |

v v|TA A
= ¢ |00, ~ 0,10, | + g T, T0, ~ )T |
9" Ry (9)

—
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6 Conclusions

e Fierz-Pauli Lyp is consistent as free theory

e Couplings to matter = self-coupling of gravity
—

e Possible (but difficult) to construct consistent theory upto
order k?

e General Relativity is consistent extension to all orders

(unique?)

e Suprising geometrical interpretation: non-linear function of
h*" 1s metric

— very elegant & much richer structure
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