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Outline

@ Reminder: Why we consider MMC scalars and Gravitons

@ One loop contributions to the graviton self-energy from MMC scalar:
covariant and noncovariant representations

@ Quantum corrected linearized Einstein field eqn for dynamical
gravitons and the force of gravity

@ Summary and Discussion

Sohyun Park (KASI) How MMC Scalars and Gravitons Affect Grav July 28, 2015 2/27



Reminder: Why we consider MMC scalars and Gravitons

@ Expansion of spacetime can lead to particle creation by delaying the
annihilation of virtual pairs ripped out of the vacuum:
Schrédinger, Physica 6 (1939) 899
@ The effect is maximum if
o the expansion is accelerated: de Sitter space (inflation)

o the virtual particles are massless
e no conformal symmetry.

Parker 1968 - 1971, see the presentations of Miao and Tsamis
@ Only two types of particles with no mass & no conformal symmetry:

e gravitons
o massless, minimally coupled (MMC) scalar

@ Occupation number of these two grows with time:

Ha(t) ) 2
N(k, t) =\ =3 see Woodard's presentation
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N
Two models of GR + MMC scalar

e scalar self-mass-squared —iM?(x; x'):

Kahya and Woodard, arXiv: 0709.0536, 0710.5282

S . N

T T x

S

loop corrections to kinematics

e graviton self-energy —i[**X*?](x; x'):

SP and Woodard, arXiv:1101.5804, 1109.4187 & Leonard, SP, Prokopec and Woodard, arXiv:1403.0896

loop corrections to kinematics and GR forces
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|
Linearized effective field equations

° L= gte[R—2Av=g - Jouvtive V=g

: e _ = = _ 2 _ 1
@ Linearize: gy = By + khuw, 8y =a My, a=—

Hn
@ Linearized quantum effective field equations for gravitons:

VEED 7 hyo () = [ [P 2P (xix Yo () = 310/ ZE T (6),
@ Lichnerowicz operator: linearized Einstein tensor, R*Y — %g“V(R — 2A) acting on hyy
DHVPT — D(pga)(uDV) _ 1 [EPUDHDV +gh DPDO']
2

1 1
+5 {gwgrm _gilegol } D2 4 (D—1) [2g1wgﬂfr _Eu(ﬁga)ﬂ H?

4] 7/[““2“"] (x; x"): graviton self-energy = 1Pl graviton 2-point function

: quantum correction to the Lichnerowicz operator

@ Calculate the graviton self-energy

@ Solve the quantum corrected field eqn for dynamical gravitons and the force of gravity
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-
One Loop Scalar Contributions to Graviton Self-Energy

@ Interaction between MMC scalars and gravitons:
1
L= fgé)ma@usag“" V-g

1 K 1
= =5 0uwdueE" V=g - Eausoaw(2hf”” W )V-g
2
1, 1 1
7%%@,&{[ghzfih””hpg}g"'”f5hh"’”+h*;hf”‘}\/7§+ o(x%)

@ One loop contribution to the graviton self-energy from MMC scalars
on de Sitter background:

13 s o o ol
—i[*Y P (x; x") = 5 Z THyaB( X)Z P70 (x') x aad,/YIA(X; x') x 8g85in(x;x")
I=1 J=1

1¢ B o D
+5 Z F,“Upaa‘ (x) x 3(!6;31A(X;x/) x 87 (x — x)
=1

2
Q #2377 (x) x 8P (x — x') .
=1
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|
MMC scalar propagator

@ The MMC scalar propagator obeys 8, [\/Tg gwa,,] in(x;x") = i8P(x — x')

@ No de Sitter invariant solution for the propagator
@ A solution preserving the homogeneity and isotropy:

HP=2 1(D-1)
(4m)z T(3)

inNx;x") = A(y(x;x')>+

where  A(y)

D1 —2

In(aa’)

HP—2 { F(%) (7)%71+ r(§+1) (i)%fz—wcot(ﬂ) r(c—1)
2 Y 2

)2
1T(n+D— 1)(y)n 1 r(n+2+41)
n 4 n—

~ n?
E[3

r(n+%)

242 r(n+2)

de Sitter invariant function of y + de Sitter breaking term

r2)

I}

@ The de Sitter breaking term drops differentiated by aaafﬁ

@ y(x;x') = aa’H2Ax : the de Sitter invariant length function

Z =cos(u)=1-1% Frob and Verdaguer

w: the geodesic dlstance
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Primitive Diagrams

o Contribution from 4-point vertices

1 4
Ny spo Iy = O prpoaf a Al - L D /
[ > ]4&>{,x )= 5 27 FI (x) x dad/le(x,x ) X 8 (x—x")

(D 4y ik?HP  T(D)
"\ g (ar )% r(2+1)

\/i{ g gPT ,Eu(ﬂfﬂ)

g V}tsD(xfx/) =0forD =4

@ Contribution from 3-point vertices

%y Oy %y
_i[nrspo N % "
I[ } & { Axy, Bx( ox’ )axy aly

dy % B(y)
p y
Ox(y axl,)ax(’p 8x;)

dy Oy 0Oy 9y
+—

dy Oy dy Oy

—pv—/po 4 —pv —=Ipo] 42

dx,, Ox, Ox! Ox! xab)+ETETH X 6(y)+[ Ox! Ox! dx,, Ox € }H X <)
p Oxuy Ox), OxG p 9o w OXu
1 1 .

x — ~——inD=4 ——>/d4></
y4 Ax8

quartically divergent
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Correspondence with flat space limit

@ Flat space limit H — 0:
A —t—t, y(x;x) — H?Ax?

Oy 2 o 9y _ 2 v 8y2 _ 2 1V o
B — 2H*AxH | o7 — —2H*Ax" B, O] —> —2H*"n*" gives
2r2(D
r<(%) 2 4D
_Juvspo Ly K 2 wip, o) _ (v, v)(P pLO)
'{ * L&E‘X )= oD {" X { AXQD} AT AT X [szmz]
2D? 1(D2—D—4)
BAY AP AT o [ v po 1
+Ax" Ax” AxP AxT X [ 7Ax2D+4] +n""n X [ 2 A2D ]

" [anAXPAX”.yAx“AXVTIpU} x [%} }
X

@ This agrees with G. 't Hooft and M. Veltman, Ann. Inst. Henri Poincaré XX (1974) 69.
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Correspondence with stress tensor correlators

@ The graviton self-energy is related to the 2-point correlator of the stress tensor as

i8]y = = w <800 \/<B0( ]8T (96T ()
@ The stress tensor correlator obtained by Perez-Nadal, Roura and Verdaguer (JCAP 1005
(2010) 036, arXiv:0911.4870) agrees with out result.

Q) + o(x*)

(6T (08T ()| @) = Fuvpa = P(1)nununpne + QUu)(numEpg + npnoEps)
+R(1)(nunpBuo + MunoBpp, + NunoByp + MnpBuc) + S(L)(ELpBuo +BupBuo) + T(1)E LB o

@ Note: their 5 basis tensors are converted into ours as

1 dy Oy Oy Oy
_ _ 1 _ Oy oy Oy 9Oy _
NaNb8c/ gl + Nc/Nyr8ap = m [gabw e d | oxe axb&eld’ |
iz 2 dy Bzy Oy 2 dy Oy 9Oy dy
n, n = — — A S
(a8b)(c’ "d’) H4(4y —y?) 0x(@ axP)ax/(c” ax’d)  H4(4y—y2)(4—y) Ox2 Oxb ax'<’ ax’/d’
o 1 62y (32y 1 Oy 82y Ay
2ga(c’gd’)b = 7 7 + 7 7
2H4 gxadx’ (" axdNox'b  HH(4 — y) Ox(@ gxb)ox! (¢’ ox’d’)
1 1 dy Oy Oy Oy

+ s
2H4 (4— y)z Ox3 dxb ax/c’ ax/d/

BabBc/d! = Bab8clgl
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One Loop Counterterms

@ For quantum gravity at one loop order the necessary counterterms are R? and C2
first derived by t Hooft and Veltman, 1974

S.D.D. = 4 — 40’s, with general coord. invariance 3 possibilities:

R2, RHv Ruv, RFP? R, po with the Gauss-Bonet relation, only 2 are linearly indep.
@ For calculational convenience, reorganize R? as

R? = [R - D(Dfl)Hz}Q +2D(D—1)H?R — D*(D—1)?H*

So we employ four counterterms:

ALy

a [R - D(D—l)HZ]Z\/— JAL3 = aH [R - (D—l)(D—2)H2} V=g ALy = aHV "z .

5
& CPY CaprsV —8 s

ALy

Note: the divergences can really be eliminated with just AL, and the particular linear

combination of AL1, AL3 and AL4 which is proportional to R?/—g.

@ We define two 2nd order differential operators by expanding the scalar and Weyl
curvatures around de Sitter background

PHY kb + O(K2H?)
P

R — D(D—1)H?

2,2
Caprs s by + O(k°H%)
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Counterterms in terms of two projection operators

@ Spin zero projection operator:

PHY = DHDY — g [D? + (D-1)H]
@ Spin two projection operator

pv v
Papys = Papys T 5 D_3 [gaoD —Ep5Day —BaryDhs T84y ms]

1 LV

BTz [FrEas ~FasBin [P

where we define,

v 1 v
Novs = 5 (6465 Dy Dy 5165 Dy Do — 6454 D5 Dy +84'61)D5D. ]
1
wr  — gaypur = [s(ppr) (ksv) p2 _GHv (1 v)
DhY = DLy = 2[55 D¥)Ds —54'65) D* —g"" D5 Dy +54 Ds D]
nv savzBSyur  _ plrpr) _ zuvp2
D = g 'g Da@’yé =D\"D" —g"" D" .
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Counterterms in terms of two projection operators

@ The counterterms are expressed in terms of these two operators:

YN
Shyy (x)dhpe (x)
iSAS,
6h,“,(x)5h,m (x")

h=0

h=0

i5ASs
Shyy (x)dhpe (x)
i§AS,
6h,“,(x)5h,m (x")

h=0

h=0

where we define M*" = 9+ oY
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2C1K,2\/ —EP“VPPUMD(X—X/) —— 2L‘1.~c2|'|“VI'IpUI'<5D(><—><,)7

ZzorgP g1 0g P P D /
262K, V- Pa/iwéph)\émb i67 (x—x")
D-3 nevnee
2 wlppo)v _ Do 1
20K (7D72) [I'I n o1 }15 (x—x")

—C3n2H2\/—7§D“"pai5D(x—xl) — 0

N e

1
EE“'(‘JE”)V] iéD(xfx’) — 0

— nH¥ 32 in flat space limit.
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-
Renormalizing the Flat Space Result: a guide for de Sitter

@ Reorganize the primitive terms in the terms of two projection operators so as to be in the
form of counterterms:

nevnee

7,‘{“"):”"}]('(?; x') = MY NP7 Fo(AxP) + {n*‘(ﬁ‘n")” ]Fz(sz) .
a

D—-1

@ Find the structure functions Fyp and F, comparing this with the previous primitive result:

K2r2(2) 1 1 \D-2
2 o 2 _
P& = =5 X "o (AXZ)
2r2/(D
2y _ KT(3) 1 1 \p-2
Rlaxd) = 1670 4(D—2)2(D—1)(D+1) (Ax2)

@ Note: MHYTIPT ~ 9% are w.r.t x Extract these outside the integral w.r.t x’. Now the
factor of 1/Ax?P—* is logarithmically divergent. Then extract one more d’Alembertian

1 \D-2 82 1 \D-3
(E) T 2(D—3)(D—a) (E) :

@ Now the integrand converges, however, we still cannot take the D = 4 limit owing to the
factor of 1/(D — 4). The solution is to add zero in the form of the identity

D b D /
62( 1 )?—1_471'215 (x—x")
Ax? r(2-1
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Renormalizing the Flat Space Result: a guide for de Sitter
@ Rewrite it by adding zero:

D
( 1 )D—Z 82 1 ub—4 47r7uD74i6D(x—x/)
Ax? 2(D—3)(D—4) | Ax2D—6  AxD-2 2AD-3)(D—H)r(Z 1)

D
472 pP=4isP(x—x")

1 2{“’1(/1,2AX2)
= -9 ——"= :
4 2(D—3)(D—4)r(2-1)

+0(D—4) 3 +
A ( )}

: nonlocal finite term : local divergent term
@ The divergence now segregated on the delta function: remove them with counterterms:

—i{‘“’AZpU} (3 x") = NP NP7 { 2, n2i5D(x—x/) + {I‘I“(PI‘IU)“ _ LMUHPU} 2(D73)c Kzi(sD(x—x/)
flat ” ’ ! D—1 D2/

@ by choosing the constants ¢; and ¢; as
wPi(3) (0-2) nPh(3) 2
(D—1)2(D—3)(D—4) ’ D (D+1)(D-1)(D-3)2(D-4)

e}

D
2872 281

@ The fully renormalized graviton self-energy for flat space background is,

_,[uuyw} ren = lim {_i[uvzpa]ﬂ(ﬁ;x/) — i[NVAZPU]ﬂ(;E;x/)} ,
at

2 2 2 2 2 2
mevpeege] A | [netene) — 1rl‘“’rlw]a2 G )
293274 Ax? 3 2103151 14 Ax?

Again, this agrees with 't Hooft and Veltman
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-
Renormalizing de Sitter result

@ Reorganize the primitive result in terms of the projection operators as for flat space:

—i[EP 7] G x) = /=800 P 00y /~8() PP () { Folr) }
+/ =B PG 500y —B) PLS 5 ’>{T‘”T“TW"T“’ (2=2) 70 >}

2 /
where the bitensor is 7" (x; x") = — ﬁ ZX’V(gz,)
o

@ Find the structure functions Fp and F, comparing this with the previous primitive result:

22D —4r2(D B B
Foly) = H r(z){ 1) (%)D 2+..‘}

. Note: T (x;x") + n™® in flat space

(4m)D 8(D—1)2
HZHZD_AFZ( %)

-1 4\D—2
(4m)P 4(D—3)(D—2)(D—1)(D+1) (;) e

@ Add zero in the form of the identity

D
D,D 2421 (42 isPx=x)
O-2G-9#|()F " - st o

Faly)

@ Then

4\p_ O 4 4 2(4m) 2 i6P(x—x') N/ "E
(;)D 2 _ 7[§,2H; |n(£)} - L Oo(D—4) + (D—8(D—3)(Z 1D

nonlocal finite term local divergent term
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Renormalizing de Sitter result
@ Add the counterterms to subtract the divergences off:

—i[‘“’AZPU](X;X/) =v-z

20, KEPHYPPT 4 2czn2§"‘”§“§“’§5¢7>ggw795§9¢

1 1
—aRPHPDIYPT 4o k?HY/ —8 bg‘“’g"“ - Eg“("g”)”]] isP (x—x") .

@ The fully renormalized graviton self-energy for de Sitter is :
—i[rEeg, | eax'y = 3@4{71[“’&”]@;/) - i[“"A):P"](x;/)} ,

= /=B P* ()y/—8(x') PP (x') [ For(¥)]

+2¢/—8(x) PLY 5 (0 —BOPLS 0y ) [T TOATIO T By ()] -

2.4
L[ P

Note 1: The leading terms agree with the corresponding flat results.

2,4
H D 1 4 Y
where For = Z‘ )4{~T|:72><;|n(1)

Note 2: Fpr and Fpg are the first fully renormalized results for the graviton structure functions on de Sitter.
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Spin zero structure function

2t (O
For = Z‘Tw{ﬁ{%xgln(i)] —%x%ln(%)Jriforllnz(z)

72 y 6 4

1 1 43 4 5

LY WYL WA NS48 RIS S AV A PY6 A
45" 4 — 4’ 45 "4’ 216 4—y 6 4 4
7 4 1 7(1272 + 265
+7X7In(1—{)——ln(1—z)—7( )Y
90y 4’ 20 4 540 4
84r2 — 131 1 4
_ —lenz(y)JerZIn(y)

1080 374 4/ 974 \4

1 . y LY Yoy
—%(2 —y) [7L|2(1 - Z) — 2LI2(Z) +5In(1 — Z)IH(Z)]} .
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Spin two structure function

(O 1 4 3 4 1 4 1 119
sz:ZT)A{ﬁ[%X;In((%)]JrTOX;In(%)fEX;+Zln2(%)—aln(%)

4006 47 ;y\s 141 syN7 2471 ;y\6 34523 syns
+(4y7y278)4[|: 15(4) T (4 _W(ﬁ +W(5)

132749 38027 10607 22399 37797 4
“a0 ) e G G) () mlis

[”3 QR R OB L

5 “+?<%>3 EOREORSREIOILEE

[“’6 o) - SR () < S 0]
e R O Rl

+[4(%)7,12(%) +2o(y) 720(y) +15(i)3 7(%)2+(%)]4;yln2(%)
367 s yN\4 4121 ;y\3 237 sy\2 1751 367
) @ @) e () - 120] ")

E4
2
+6i4(yZ,s)[4(2,y),(4y,y2)}[ Lia(1 = 7) +7le ]}
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Solving the quantum-corrected linearized Einstein equation

@ Use the renormalized self-energy for the quantum correction term:

V=ED"P hpo /d “”zf:n (x: X" Yhpo (x” :wfﬂ“’

I|n

@ Only know the self-energy at one loop order (at order k2 = 167 G), solve it perturbatively:

b () = WL () + 2H0L ) + 0(e®) L [FVERS | (ix) = W2 [V EL7 ] (ix) + O(x™)

ren

@ The corresponding one loop correction is
Jatx g7 o IS (') = i 'y /0 P () PP ) {Fo YA ()
+2i [d*x\/=g(x) PLY 5 ()y/8(x) PS5 (x ’){ ”“T’”TWT‘WFZ} EONCON

@ Simplification stratedy: partial integration

Step 1: pull the projectors P (x) and 735; 5 (x), which act on a function of x/ outside the integration over X'

Step 2: partially integrate the projectors P”? (x’) and P?7,  (x") on hg]),(x’).

KO
/d“x’ (1 E07] (i x A () = i\/—g(x)P“"(x)_/d“x’\/—g(x')fo{P”"(x')hi,";(x’)}
1208 () PG5 (x /dx T‘*"T‘“TV"T‘WIZ{PP” (/)hf),(x’)}.
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Solving the quantum-corrected linearized field eqn for dynamical gravitons

@ For dynamical gravitons, that is for zero stress-energy T/ (x) = 0:

- k% H ik ik
0 2 k-
hs)g(x) = epo(K)a“u(n, k)", u(n, k) = [17—] exp[—], 0 = egy = kiej = ¢ and e,-je;- =1

The result is zero!
/d4)<' [‘“’Zf”](x;x')hi,oﬁ,(x’) —0

“Inflationary Scalars Don't Affect Gravitons at One Loop,” SP and Woodard, arXiv: 1109.4187

@ Gravitons interact with MMC scalar only through their kinetic energies which are
redshifted. (Gravitons couple minimally only to differentiated scalars.)
@ A little Doubt about this result: ignoring surface terms is really legitimate?

@ Ignored surface terms based on the assumption that either they fall off or can be absorbed into corrections of

the initial state.
@ Found a counterexample to this assumption: A certain surface terms cannot be ignored.

Leonard, Prokopec and Woodard, arXiv: 1210.6968
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Noncovariant representation of the graviton self-energy

@ A noncovariant representation of the conformally rescaled graviton field

@ Noncovariant Rep includes de Sitter breaking basis vectors in terms of u(x; x") = In(aa’)

@ Covariant Rep: gy, = By + EXpv vs Noncovariant Rep: g, = az(mw + rhuy)

@ Covariant Rep: 5 basis tensors - 3 relations = 2 structure ftns vs Noncovariant Rep: 14 - 10 = 4
—i {’“’Z’)U} (x; xl) = FPY(x) x ]-_p(r(x,) [Fo(x; x’)}

+GH (x) x g”"(x’)[co(x; x’)} + FHve [Fg(x; x’)] + ghvee [@(x; x/)]

Leonard, SP, Prokopec and Woodard, arXiv: 1403.0896
@ Checked that surface terms really fall off like powers of the scale factor
@ Confirmed the previous result: no effect on dynamical gravitons from MMC scalars

@ Much simpler than the de Sitter covariant representation, so can be easily employed to

study the force of gravity
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Structure functions in the noncovariant representation

, 20,47 H2)2 a2 In( 12 A2 6
For(xix') = n;:;w) {z(aa/H2)2[ (”sz )}7 +6+[77+67f}In({)+g(2fy)lll(y)}
, k2(H?aa")? 82 In(u2Ax?) 2r1 1 y 1
R e e = R PR = L COR )
Go(x;ix') = 0
2 2_.7\2 | Y
< B )
where

Sohyun Park (KASI) How MMC Scalars and Gravitons Affect Grav July 28, 2015 23 /27



One loop corrections from MMC scalar to the Newtonian potential

@ For the linearized response to a stationary point mass M

)y 26M 0 @ — ©) 0y
hgo (x) = NE = =20, hy/(x)=0, hij x) =

26M M
sy = =205, T, = —6%(2)6% 80
BE ij ij pv 2 (%) nv

. 0 0 0 3o
in flat space hl(m)(x) = % s h[(]’.)(x) =0, hf./. )(x) = %6,}- y Tuv = M03(x)625?,
@ One loop corrections
1 1 1
WDy =h, K =0, hf.j)(x) = A3

The solutions are

fx) = 7%55&” ”;M [7§+V72(8§—3H80)]521(x) = —20
Bx) = ZZTS&(XH izlw[—é—v”aHao]szl(x): oy
where V' =2f(n, %) = —[1/(4m)] [ &' (0, ) /|1% — |
I R P
a(n’)
sl = -/;Z:]I:) [Faxix') + %G%(x;x’)];/zo
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One loop corrections from MMC scalar to the Newtonian potential

@ |In flat space

® Mpye " G+0(G2)
flat - r 20mwc3 r2

GM LG )
Vi = ‘T{l‘mfz*o(c)}

SP and Woodard, arXiv:1007.2662, Marunovic and Prokopec, arXiv: 1101.5059

Not the first for this result, but the first to solve the effective field eqns using in-in formalism.
@ In de Sitter space

® Mlye S +O(GZ)
= 14+ J T
s ar 2073 r2
GM hoG .
Vg = ——d1-—_Z 4. .. 106
@ ar{ 607c3 r2 ( )}

Confirmed the de Sitterized version of the flat space result; found some corrections but no secular growth

SP, Prokopec and Woodard, arXiv:1508.xxxxx

@ One loop correction to the gravitational slip differs from zero in both flat and de Sitter

space: o) — () =9

Sohyun Park
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Summary and Discussion

@ Derived one loop contributions to the graviton self-energy from MMC scalar on de Sitter
background: covariant and noncovariant representations for the tensor structure.

@ Used these representations to quantum correct the linearized Einstein field equations for
dynamical gravitons and the force of gravity.

@ The noncovariant representation is much easier to use in the effective field equations than
the covariant one.

@ Inflationary production of MMC scalars has no effect on dynamical gravitons.
@ |Inflationary production of MMC scalars has some effect on the force of gravity, though no

secular growth.

@ Future projects (having possibility of secular growth):

@ One loop contributions to the graviton self-energy from gravitons:
Done in hep-ph/9602317 Tsamis and Woodard, but needs to be redone using dimensional regularization;
1307.1422 Mora, Tsamis and Woodard the effect of gravitons to other gravitons using Hartree approximation
@ One loop corrections to the non-minimally coupled scalar self-mass-squared from gravitons:

1409.7753 Boran, Kahya and SP work in progress for the corrections to MCC scalar from gravitons

Sohyun Park
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|
THE END

@ Thank you for your attention!
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