Quantum Field Theories in the Early Universe

Well-behaved QFTs in Minkowski space can develop pathologies when promoted to FRW.
This is especially acute for “higher-spin” QFTs (1, 3/2, 2, ...).

And some funny business for spin-0.

Is there a swampland of Minkowskian QFTs?

Or should we just accept restrictions on parameters of the QFTs (mass, couplings, etc.).

A A o

| will not have time to review EFT cutoffs, strong-coupling linits, nonlinearities, etc.

More complete treatment in
Cosmological gravitational particle production
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CGPP

Chung, EWK, Riotto (1998); Kuzmin & Tkachev (1999)
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Cosmological Gravitational Particle Production (CGPP)

* In Minkowskian QFT, classify particle by IR of the Poincaré algebra.

) ) ) . ) Schrodinger (1939); Parker (1965, 68); Fulling, Ford, & Hu;
¢ But, expandlng universe not Poincaré invaria nt! Zel'dovish; Starobinski; Grib, Frolov, Mamaeyv, &

Mostepanenko; Mukhanov & Sasaki, Birrell & Davies...

* Notion of a “particle” is approximate.

cosmological
expansion

time-dependent
b Hamiltonian
mixing of + and [_
b frequency modes
particle
b production




Cosmological Gravitational Particle Production (CGPP)

* Expansion of the universe creates particles from the vacuum if m < few x H*,
* This is not optional—can’t hide from gravity.

*  “Semiclassical:” quantum spectator field in classical gravitational background.

e Calculation of GPP of massive fields is “straightforward.”

* And particle not conformally coupled (trace of stress tensor for matter field g, Ty,*" # 0).



Assume Standard Inflationary Picture

Quasi-de Sitter inflationary phase driven by vacuum energy of inflaton displaced from potential minimum,
expansion rate changes (very) slowly during inflation (whena > 0 ); at the end of inflation, H = H, .

Matter-dominated phase due to inflaton oscillations about minimum of potential.

Inflaton decays and leads to radiation-dominated phase characterized by a reheat temperature Tgy.

H, and T are unknown.



Scalar field in FRW background

covariant action

1 1 1 1 .
— 4 —q | — = M2 = MY T m2.42 4 = 2| Gravity enters
Sle(x), guv (@) /d TV =g { s Mpi R+ 59" 0up0yp — om7e” + D ERy ] o et
in a spatially flat FRW background : ds?2=a%(n)[dn2-dx?] (77is conformal time)
> 1 1 1 1
Slen.e)) = [ dn [ x| 100,07 - 5(T0)? - Jatnte? + Jatere?|
field rescaling
o(n,x) = a(n)e(n, z)
action for canonically-normalized field aH — 0 to zero at n = oc

o)l = [ dn [ x| 50,0 - 5(VoP - jmded® - J0,(aHo?)

time-dependent effective mass

cosmological expansion =

1
mgff (n) = a* (1) [m2 + (6 — f) R(n)] time-dependent background =

time-dependent Hamiltonian for spectator fields




Scalar field in FRW background

covariant action

1 1 1 1
S[(p(&’f)?gﬁw(iﬂ)] = /d4$\’ -9 |:_2MF2’1R + Eg'u ﬂ@oau(ﬁ o §m2(p2 + ESR%DQ

nonminimal coupling term proportional to a “constant” &
E=0: “minimal coupling”

&= 1/6: “conformal coupling”

in general, & should be a free parameter. £=1/6 is an enhanced (classical) conformal symmetry point.

why not other nonminimal terms?

£ Ryp? is the only dimension—4 operator involving Ricci scalar, Ricci tensor, Riemann tensor

no symmetry forbids it, from EFT point of view should include it

furthermore, it should not be constant: there should be an RGE



Scalar field in FRW background

Fourier mode decomposition

~ ' . R W
Al / (27)3 Gioxi ()™ + i (me ™|

mode functions satisfy wave equation

02 xk(n) + wip(n)xw(n) =0

but with a time-dependent dispersion relation

wi(n) = [k|* + mZg(n)

+ & — frequency modes

earl T 1 i late —>400
X () T e Tk (late) () n=¥+oo,

NGy X+

1

2am

o T [T dn'am

leads to mode mixing

(late) (77) = — frequency modes from + frequency modes

late earl
(XECJF )(77>> _ (Oék 5k> (XI(H— y>(?7)> time-dependent Hamiltonian = mode mixing

X —



.- & quasi de Sitter (inflation) | matter | radiation - ---
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Quadratic Inflaton Potential for Conformally-Coupled Scalar: £=1/6

(2h? m( H. )3( Twpu ) la*n/ a2H?] 107

012 H. \10°2GeV 10°GeV 105
m ‘( 1Rrm »
~ (1[]11{;EV) (]_ﬂ‘!{;ev) I:m .::.:J minﬂutan} 10

This calculation assumes particular inflationary
model (quadratic, which is ruled out).

But general picture holds in other models since
action occurs around end of inflation.

We don’t know, but H, = 10!> GeV

and Tgy = 10° GeV are “common.” 10—16_3 T R T T
If stable and dark matter, th2:0.12 ] m~H,. mx/HE

Could have been anything!

Perhaps inflation scale represents new physics Conformally-coupled scalar WIMPZILLA DM candidate
scale, stable particle at that mass scale natural DM m, = O(H¢) = O(Mipgiat0n)

candidate.

WIMPZILLA miracle!



Quadratic Inflaton Potential for Minimally-Coupled Scalar: £=0

10!

1073

Spectral density

_

10!

Red Spectrum leads to dangerous
isocurvature fluctuations

CMB limits
Chung, EWK, Riotto, Senatore (2005)

Stable, minimally-coupled scalars
are disallowed if m < few H,



Model-T inflation model (Kallosh & Linde): V(¢) = 1071°M3, tanh(¢/v6Mp)
mog =m” + (1 — 6§)R
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Scalar field in FRW background

 Stable, minimally-coupled scalar disallowed if m < H,
e Other (£, m) combinations disallowed (too large Q)

 Stable, conformally-coupled scalars (or minimally-coupled with m = H. ) allowed, and could be dark matter.

WIMPZILLAS!

ryahgodzilling



Dirac field in FRW background
Qh? m( H, )3( Try ) [a®n/ a3H?

012 H. \ 1022GeV 10°GeV 105

i “( J1gm -
~ (]_[]11{_';EV) 109CGeV (m ~ minﬂatan}

No nonminimal dimension—4 operator

Dirac Equation in FRW:
2 ) = (8" —alom) (560

Dispersion relation same as
conformally-coupled scalar

Blue spectrum: no isocurvature issues

Dirac WIMPZILLA DM candidate for
m= O(minflaton)
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7t" Duc de Broglie—Proca field (dark photon) in FRW background

x 1742 Minimal coupling: Graham, Mardon, & Rajendran (2016); Ahmed, Grzadkowski, & Socha (2020); EWK & Long (2020)
Non-minimal coupling: Capanelli, Jenks, EWK, McDonough (2024)

Covariant action:

1 1 1 1
S = /d‘la:\/—g (_ZFMFW -+ §m2g””AﬂAV — §§1RQ”VA#AV — EﬁgR””AﬂAu)

Two possible nonminimal dimension—4 terms: Rg"“ A, A, and R""A,A,

Gauge invariance broken by mass term and by nonminimal terms, can fix via trick of
Baron Ernst Carl Gerlach Stueckelberg von Breidenbach zu Breidenstein und Melsbach (Abelian Higgs mechanism)

In FRW

S[A,(t, )] =/d4:r: [%a(ﬁg}lz— — 8,40)? — i L(B,A; — 8, A4;)? + ;a, m2 A% — %amM?

A, is not dynamical and will be integrated out.

— , . 1 ' . —_
mi =m* — 1R — E&zﬂ — 36, H?
Two time-dependent mass terms— ] — myZ and m,? can be positive or negative!
m2 =m? — &R — &R+ EH?

— i 6



7t" Duc de Broglie—Proca field (dark photon) in FRW background

Minimal coupling: Graham, Mardon, & Rajendran (2016); Ahmed, Grzadkowski, & Socha (2020); EWK & Long (2020)
Non-minimal coupling: Capanelli, Jenks, EWK, McDonough (2024)

Standard procedure:
1. Decompose action in terms of mode functions
Integrate out Ay
Introduce orthonormal set of transverse and longitudinal mode functions
Action separates into two pieces, transverse and longitudinal
Transverse mode action that of conformally-coupled scalar with mass mi (which can be positive or negative)

S i

Longitudinal mode action more “interesting”

dBk 2,.,2
]dﬂ/ [2 k2i? |0, AL‘ — —a, >m?2 ‘AL‘

7. Since m is time-dependent and not necessarily positive definite, a ghost can be propagated

8. If demand ghost-free for arbitrarily large k, must have m? > 0 during evolution
9. This will place limits on &; and &2 as a function of m.

10. Longitudinal frequency “interesting”



7t Duc de Broglie—Proca field (dark photon) in FRW background

Minimal coupling: Graham, Mardon, & Rajendran (2016); Ahmed, Grzadkowski, & Socha (2020); EWK & Long (2020)
Non-minimal coupling: Capanelli, Jenks, EWK, McDonough (2024)

wi = kzm—é + a’*m? + 3k%am HJ K a’R _
m; c (k2 + ﬂ,am ;)2 5“"‘5 + a?mj) (prime denotes 0,,)
Hak?*m? (—k? + 2a2m?)  k%2(m2)? (k? + 4a? mi) k2m2”
m? (k? + a?mi)? 4(m2)2 (k2 +a2m?)2  2m2(k2 + a?m?)
10* BERL BaRL BaRL .
oL — & = 0.004; & = —0.006
In high-momentum limit (large k) the first term P =0 &=0 m/H, = 0.01 |
dominates wi — k*m?2 /m; 106 runaway —

Have established that mt > () to be ghostless,
if ms <0 then wi will be negative

Leading to an instability to particle production
for arbitrarily large k modes.

Require m; > 0 and mZ > 0
Depends (a little) on inflation model
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7t Duc de Broglie—Proca field (dark photon) in FRW background

Minimal coupling: Graham, Mardon, & Rajendran (2016); Ahmed, Grzadkowski, & Socha (2020); EWK & Long (2020)
Non-minimal coupling: Capanelli, Jenks, EWK, McDonough (2024)

2.0 | | | | | T T
m/H, = 1.0 1.0 m/Hﬁ —0.1 0.05 I .
, 0.04 .
Lo m; >0 . 0.8 0.03 - ]
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—3.0 -25 =20 -15 -—-1.0 —=0.5 0.0 0.5 1.0 1.5 —1.0 —(0.5

For “large” m/H,, not very restrictive
But for small m/H,, as in dark photon models, very restrictive
Breakdown of EFT? Discussed in Capanelli et al.

Strong coupling? A. Hell



7t" Duc de Broglie—Proca field (dark photon) in FRW background
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Rarita-Schwinger field in FRW background

Kallosh, Kofman, Linde Van Proeyen (1999)

Covariant action:
S = ] d'zy=g [i(38, 7"V, T, — 18,9 17, — i ImT,1#,

Specialize to FRW and define new field: v,,(n, ¥) = a*/*(n)¥ . (n, &)

Impose constraints from field equations

&k ik-Z
Fourier decomposition ¥, (1, £) = PISE v, z(n) e

Decompose 1;9 T wlfg p and w;;g k

—
i°0y — k-7 — a,m] Va5 =0

Mode equations become < B
iwuﬁﬂ — (C‘A + iG’Eff”) k-v— am] ﬁ!)lﬁﬁ =0

Almost there!

Giudice, Riotto, Takachev (1999)
EWK, Long, McDonough (2021)

C, and Cgz will be defined



Rarita-Schwinger field in FRW background

Parameterize spinor wavefunctions in terms of helicity eigenspinors with mode functions

Xa3/28Ms X532k Xa1/28M) X51/25M)
—
%) (XA,:sfz.k(U)) _ (am k ) (XA,H;’EJ:{”))
10y —
Xﬂeiiflk(ﬁ) k. —am XB,:UE,}:(??)

i, (Xﬂ,lfz,k(n:]) _ ( am (Ca +a‘Can) (Xﬂ,lfz,k(ﬁ))

which satisfy <

Xﬂ,lfz,k(ﬂ) (CA - icﬂ) k —am Xﬂ,l,f}]k(n)

Helicity 3/2 mode equation is just like Dirac field

Helicity 1/2 mode equation is more “interesting”

Nonzero for gravitini

Figenvalues of 3/2 mode equation are ++/c2k? + a2m?

2 _Cr..i' CrE _ 1 1R HE 3 2 ’ 4[:3“'1?“:]2 .
cg =04 +Cg = oz +m2)2 [\ 7377 tom” ) +4— 5 is the sound speed



Rarita-Schwinger field in FRW background

1.0

New feature (or is it a bug?): sound speed can vanish! 08
_ |=3Rm) — H(n) +3m?| _ |p(n) — 3m?> Mg,
’ 3(H?(n) +m?) p(n) + 3m2 Mg,
cs =0 when p(n) = 3m*Mp, 08
! ! - [1:41

Bl =m/H == - |

2 i

| : ;

. bl:v:”'?

0.5 m/H, = 1.0

0.4 —

[}-3 - 1 2 Ll 1] r 1 LLl || L |||||||Q Ll L LLLIl 3
1 10~ -t 10 10! 10 10

a/a,

m/H, 2 14+ c, =0 avoided
m/He <14 ¢ =0 allowed

p & 3m2MPE (units of H2M3))




Rarita-Schwinger field in FRW background

" ) 0 ) ) If ¢, # 0, then w? approx. constant for high-k modes, GPP suppressed
wi(n) = c5(n)k” + a“(n)m | |
If ¢, =0, then @w? independent of k, GPP unsuppressed for high-k modes

10~2p — : 10
m/He =1 10_1 _
m/H, = 1072
helicity 1/2
10—3 102k
1073 helicity 1/2
m@ﬁj m@u
E lcity 3/ =107 |
s 1074 helicity 3,/2 3
10—°F __
10~5F )
]
" E helicity 3/2
1077 )
- 10 10° 10-2 10-1 100 10!

k/{leﬂe k/aeﬂe



Rarita-Schwinger field in FRW background

Spin-3/2 particles arise in theories of supergravity; S = 3/2 gravitino is superpartner of S =2 graviton
Does supergravity have a catastropic production of gravitinos? It depends on the model!

For models with a single chiral superfield

_ _ 1 , o D , My
2 Mg, 4 M5,

gravitino mass is time-dependent (depends on rolling inflaton)

implying c, = 1 at all times & no catastrophic production

For models with multiple chiral superfields
C, depends on relative orientation of inflaton direction & SUSY breaking
mixing between the goldstino & inflatino may avoid the catastrophe (explicit calculation needed)
Cs = 0 occurs in models with a nilpotent superfield S?= 0 and orthogonal constraint S - (® — ti*) =0

EWK, Long, McDonough (2021)
Dudas, Garcia, Mambrini,Olive, Peloso, Verner (2021)
Antoniadis, Benaki, Ke (2021)



Fierz-Pauli field in FRW background*

EWK, Ling, Long, Rosen (2022)
We wish to study cosmological gravitational particle production of a massive spin-2 field in FRW background.

Field content will be a massless graviton, a massive spin—2 field, and fields necessary to source an FRW background
to provide a cosmology that leads to inflation - matter domination - radiation domination = our universe.

Story of massive spin—2 fields begins in 1939 with work of Fierz and Pauli, but first ...

M2
Start with EH action: S[g,..] = /d4$\/—g TP R[g]

2
Linearize about Minkowski spacetime: Juv — Muv + M—Ph,w

Quadratic action: S[h,.] = / d*x [=1V b, VR + NV WAV R — VRPNV L+ AV, RV L]

* | should have listened to Ruth!



Fierz-Pauli field in FRW background*

Now add a mass term: Fierz-Pauli (1939) (see reviews by Hinterbichler 1105.3735; de Rahm 1401.4173)

6S[h,u] = / d*z [—imih, h*"Y — Im3h?]

m3 m3 + 4m3

Introduces unwanted 6" degree of freedom (a ghost) of mass méhost = 5 5
4 m7i+ m;

So, choose m% = —m% to banish ghost to oo (but no symmetry enforces this!)

6S[hu] = /d4x (—3m® (huh* — h*)]  Fierz-Pauli mass term
Boulware and Deser (1972) discovered that Fierz-Pauli tuning breaks down with generic nonlinear extensions.

Once thought that all Lorentz-invariant massive spin—2 theories were ghostly, until de Rahm-Gabadadze-Tolley
(dRGT) introduced second “reference” metric, taken to be Minkowski. Have 2 metrics interacting via potential.

Extended/completed to general metric by Hassan & Rosen - ghost-free bigravity (2011).

This is our starting point. Field content: two metric fields, g,,, and f

.v»> coupling to two scalar fields, ¢, and ¢.



Inflationary Bigravity

&5
o) \y
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Inflationary Bigravity

v —9gR[g]

Mirroring and Background Fields
(bar denotes background)

_ 2

Juv = Guv + Mghw/
_ 2

f,uu — f/u/ + ﬁfk/u/

G = fu, = FRW

¢g:$g‘|‘9@g

bf =5+ o5
1 - 1 -
Mg¢g—Mf¢f -



Inflationary Bigravity

V—=gR[g v —fRIf]
M, M;

Transform to mass eigenstates

{h,uw k,ul/} — {u,u,ua U,u,z/}
Uy Dy | R
M, M; ' M,

M, M, M;

{9097 pr} — {gpu, gpv}

Pu _ Py $5
M,  M; ' M,




Inflationary Bigravity Linearize On Equal FRW Backgrounds

f vV ’Cmassless V _g‘c’l(ri)lssive

v—gR[g]
/\ M &m) Uy Upv
Mg
WRYAWIY

vV —9L, vV — Ly + Interactions with background




Scalar/Vector/Tensor (SVT) Decomposition Of Massive Spin-2 Field

Represent 4-tensor by variables that transform under spatial rotations as 3—scalars/3—vectors/3—tensors
V00:a2E V0i=a2(0iF+Gi) VIJ=a2(5”A+a|aJB+6,CJ+(3]C1+DU
Subject to transverse/traceless constraints on G, C, D:

At quadratic order S/V/T decouple
For S/V/T

1. Remove nondynamical DoFs. 5. Find mode equations and @, .

2. Express in terms of Fourier modes. 6. Solve with appropriate boundary conditions.
3. Canonically normalize kinetic term. 7. Integrate over k.

4. Check for ghosts, gradient instabilities. 8. Write paper.

Ls =Ls(A B,E, F, ) and ¢, After removing non-propagating DoFs, and defining @, = @, — Aa~'¢'/MpH
Lok = Ko |30 — My |3 + K5 |B'P — My | B + Ly 3B + L 35’ — Lo 3B
Field redefinition to diagonalize kinetic terms: {©., B} = {II, B}

Loy = Kn|II')? — My |1 + Kg|B'|? — Mg |B|> + M II* B — M\ II* B



Ls

9,12 = My [@ul* + K | B'|?

a®m? (8m?H? — 6H?*m3, — m*m%) k* .
Kp = 274 2(m2 2 V252 + 3atm2 (6m2 H2 2,2 1 (3.17¢)
8 H?k*+ 3a (m 7mH)H k? + ga'm (6m H? —4H memH)
6,,,2 klO kS ~k6 k‘4
My = 4" ‘ Clol " egh” + coh” + 4 _ (3.17d)
8 [H2Kk* + 3a2(m2 — m% ) H2k? + Sa*m?(6m2H? — 4H?m% — mY;)]
cio = H*(8m*H? — 8H* — 2H’m}; — m*m3¥)
cg = a’H? [(30m4H2 +32m2H* — 96 H® — 3m*m%, — 56m>H>m3,
+ 48H4m2H + 5m2m‘}_, + ()’HQm‘ﬁ,)
2\ HV'($)¢'
+ (4m? — 24H?) aw> ]
c6 = 3a'm?[(96m* H* + 144m?HS — 6m* H?m}; — 252m> H*m3; — 192H%m3;
+ 8m>H?m4; + 200H*m%; — 10H?mb; — m?m?l)
2,2 2.2\ HV'(¢)¢
+ (8m myg — 16H mH)Mi([g)}
cs = 3aSm*[(36m* H* — 48m>H® + 64H® — 12m* H*m3; — 32Hm3;
—12m2H?mY, + 4H'mY, + 12H*m8; — 3m*m§; + Qm%)
— (24m?H? — 16H* — 12m®m% — 8H*m3 + 8m’}) %ﬁ;&']
_ adm?¢’ H?k* + %aQ (m2 — m%,)HQk'2 (3.17¢)
> 2MpH H2k* + 3a2 (m? —m?%)H2k? + 2a'm?(6m2H? — 4H?m3, — m%;) '
Lty (H? = oy — JHEEY — a2 — i) (H + iy + 325 R
YT Mp H2kY + 3a%(m? — mH)HZk2 + 2atm?2(6m2H? — AH?m?, — m%)
(3.17f)
am?¢’ c10k0 + cgk® + cokS + ikt + cok? (3.17g)
0= .
2MpH [H2k4 4 3a2(mz _ m%)szQ + %a4m2(6m2H2 _ 4H2m%1 _ m/[l{)]Q &
c10 = H* (3.17h)

cs = $a®HA[(9m? + 12H? — 13m%) — 4°4712)]

ce = Sa*H*[(18m*H? 4 32m* H* + 64H® — 48m*H*mj; — 64H"m3;
+m2my + 28H2m%1)
+ 8(—4m2H2 +4H" + 'mZ'm%I) %@}

cy = %aﬁ’mZH2 [(18m4H2 — 24m2H* + 256 H® — 54m>H?m?3, — 160H*m?,
+9m>mY; + 60H>m}, — 7mi,)
+4(=30m2H? + 32H* + 12m>m% + AH>m% — Tmiy) V@]

2

co = 1—a m4H2(2H27mH)[ (4H2+mH)(dm —4H? —m¥)
(—3m +2H2+27TLH)%}

Mg |Bf? + Ly @)/ B’ + L1 93 B’ —

K,=

a? H?E* 4 302 (m2 — m%)HQk2 + %a4m2 (m2 - qu)H2 (3.17)
— 17a
2 H?k* + 3a2(m? — m2) H2k? + 2a*m?(6m2H? — AH?*m3, — m};)

M. — a? C10k710 + Cgks + Cﬁk6 + C4k4 + CQkQ +co ‘ (3.17b)

r 2 [H2k* + 3a%(m? — m2) H2k? + 2a*m?(6m2H? — 4H?>m?, — m‘}{)}z

clo = H*
¢ = Ja ¥ [(12m* H? 4 $H* — WM my — miy) + 47507 + 212V"(9)]
6 = %a4H2 [(367714H2 + 72m?H* — 82m2H*m?%, — 64H*m%

— Tm*m{; + 40H?m}; + Sm?{)

+ 8(3m 4mH) HV]\(;;)

+16(m® — m3;) H*V"(9)]

cq = 2a®[AH?(9ImOH? + 36m*H* + 16m>H® — 30m* H>m3; — 76m*H*mj;
—3m*m}; + 31m2H m}, + 24H*mf; + 6m2m$; — 6H?m§; — Smi)
— 4m?H?(H? — miy) G-

+ (36m*H? + 8m>H* — 94m? H?m3; + m*mj; + 48H*mf) ng‘i)

+ (36m*H? — 58m? H*m3; — m*myy + 24H>m3; ) H*V"(9)]
cy = 55a®m?[H?(18mOH? + 120m* H* + 128m* H® — 78m* H?m3; — 384m*H*mj
—9m*m; +132m2H?mf; + 128H*m4; + 23m?*mb; — 32H*mS, — 16m§1)

— 8H? (2m2H2 —2m®m% + m%[) V]/V(I@Z

+4(6m*H? — 22m? H?m3; +m*mYy + 14H*m ) mv: (¢)¢’
+4(m? — m%) (12m2H? — 10H?m} — m‘}{)HQV”(@)}

1(5)2
co = Za''m*[—2H? (2m*H? — 2m*m}; + mY;) v (‘Z;)

W (RH? - ) (4 ) P9

+ (m® = m) (6m*H? — 4H*m3; — mi;) H*V"(9)]

Should have listened to Ruth!

LogOB



Fierz-Pauli field in FRW background

Degrees of freedom: u,, (tensor) , ., Vu,,(tensor, vector),1I, B

No DoF left behind: 2 4+ 1+ 2 4+ 2 +1+1 =9
Ko — a? H?k* + 3a®(m? — m3, ) H?k? + 2a*m? (m? — m3%, ) H?
2 H2k* + 3a?(m? — m% ) H2k? + 2a*m?(6m2H? — 4H?*m?%; — mY;)
3a%m?(m? — m%) 5 5 .
B8 = T 1262 (i — )k + 9atm(m? — m3)) my(n) =2H*(n)[1—€(m)]  e(n) = —H'/(aH")

If m < mu(n), theory propagates a ghost in B (spin—2 sector)!

In 1986 Higuchi studied perturbations of massive gravity on a de Sitter background and found a ghost if m? < 2 H2.
We find a ghost in a general FRW background if m?> <2H?(7) [1 —€(n)]. (IndS €=0.)
In dS m? =2 H? is a “partially massless” point: mass term also vanishes.

FRW ghost is not generally a “partially massless” point.



Fierz-Pauli field in FRW background

QOh? > 0.12

DO

V)
-]



Fierz-Pauli field in FRW background

First comprehensive study of CGPP of massive spin—2 fields.

We employ ghost-free bigravity: two spin—2 fields + 2 inflatons. CMB implications?
Calculated CGPP.

Can massive spin—2 field be stable; if so, DM candidate (WIMPzilla).

If massive spin—2 field unstable but long lived, decay could have interesting effects
(baryogenesis, entropy generation, decay produces DM, ...).

Also studied another bigravity model (nonminimal) that is stable—promising DM candidate.
Derived generalized FRW Higuchi bound.

Studied ghosts (and gradient instabilities for nonminimal model). What do they signify?



Quantum Field Theories in the Early Universe

How should one regard QFTs, perfectly healthy in Minkowski spacetime, but have issues in a non-pathological,
classical gravitational background?

1. (H,—dependent, Ty —dependent, and spin —dependent) limits on stable particles masses from Q.
Is that an issue with the QFT, or just a result like m, < eV?

2. Stable, minimally-coupled scalars have infrared issues unless m ¢ H..
Is that an issue with the QFT, or just “not in our universe”?

3. Dark photons have issues with runaway production if non-minimally coupled.
Shared with massive Kalb-Ramond fields.

4. Massive Rarita-Schwinger fields can have catastrophic production unless m ¢ H,.
SUGRA people should pay attention.

5. Massive Fierz-Pauli fields can develop ghosts and gradient instabilities unless m ¢ H,.
Is there a better formulation of massive gravity?

6. Do we have to look at different gravity theories at high-energy.
Torsion, contorted geometry (Mavromatos & Sarkar); disformal gravity (Hell).

7. 1s there a Flatland Swampland?



https://louisianaswamp.com/

A swamp can be beautiful and teeming with life (that will sting, bite, or eat you)




Quantum Field Theories in the Early Universe

Well-behaved QFTs in Minkowski space can develop pathologies when promoted to FRW.
This is especially acute for “higher-spin” QFTs (1, 3/2, 2, ...).

And some funny business for spin-0.

Is there a swampland of Minkowskian QFTs?

Or should we just accept restrictions on parameters of the QFTs (mass, couplings, etc.).

A A o

| will not have time to review EFT cutoffs, strong-coupling linits, nonlinearities, etc.

More complete treatment in
Cosmological gravitational particle production
EWK and Andrew Long
Reviews of Modern Physics (to appear) 2312.09042

= :
K@“‘@ Rocky Kolb King’s College London chl}ggg
Kavli Institute University of Chicago September 2024 RESNIIOM

for Cosmological Physics
at The University of Chicago




Backup Slides



T AR
/N .. Inner Space/Outer Space Interface

VK ( ‘ f(‘; £ Particle physics (Inner Space) i | '
i AT is required to understand the universe ‘ -

' dark matter

dark energy

baryon asymmetry

CMB fluctuations

origin of structure

A AN g g The universe (Outer Space)
SR\l N T e is a particle accelerator
A B Sk big bang as particle accelerator N ik _
| J\«\‘" " limits on Beyond Standard Model physics . Sl
| long lifetime/path length ek

Wiy af™ stellar energy loss
e/ large B fields

Image credit: Chris Stabb



;/SY\\,\ Inner Space/Outer Space Interface

N

} ((ﬁﬁas acceIerator assumes
{ / .

v,/

L 1 at some pomt temperature larger than some mass scalem

MaX|mum temperaturebf the radlatlon dominated universe |%th
>\<ehe\at”t\emperatur&after inflation, Tgy |

\“ TRvaay be as. S low as 8 MeV (to set stage for BBN)!

~
, PN L
\\ | J\q\‘ b j’y’

2. What.about particles with no SM interactions (or) interactions
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' (No evidence that dark matter interacts with SM particles)




Bigravity With Minimal Coupling To Matter (Minimal Model)

S=/ [ QWR \/7R m* M/ =gV (X; Bn) + V=9 Lg(g,0g) +/—f Ls(f, 0r)

Kinetic terms for fandg + dRGT potential + Matter Lagrangians

dRGT Potential: X" :( g L)~

v

V(X; Bn) = Zﬁn  Su(X) =Xp L Xh

IJJn]

Matter Lagrangians:
L4(9, 9g) = _%ngugbgvvfbg — V(o)

} Source FRW background
Li(f,dr) = —5""V0upsVids — Vi(oy)

After sausage making, want to end with: massless spin—2, massive spin—2, two scalar fields
DOFs: 2 + 5 + 2 =9



dRGT Potential

V(X;8,) = Zﬁn C Su(X)=XE X XK = (VgL )R,

Five parameters: 3, ... B, Only three combinations enter at quadratic order

B1+ 20894+ B3 =1 (Normalizes Fierz-Pauli mass to be m)
Ay =m?(Bo + 361 + 3B2 + B3)

, A = 0; inflation driven by ¢, and ¢
Ay =m?(B1 + 382+ 365 + SB4)

Three masses: M_, M7, m
M? = (M;?+ M%)~
Mp = M, + M7
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Quantum interference In gravitational particle production
(Basso, Chung, EWK, Long)

Catastrophic Production of Slow Gravitinos Production of Purely Gravitational Dark Matter Boltzmann or Bogoliubov?
EWK, Long, Mcdonough Ema, Nakayama, Tang Kaneta, Mook, Oda

102F L T — E T — T T —T— 7
i 1 - E 10t my/mg = 0.0001
m/Hc = 1.00 \'\_\ my/mg = 0.001
helicity 1/2 9 \\\\_ myfmg = 0.01
03k 104 \.\_\ my/mg = 0.1
\\ ----- analytic (k> H.)
' ——- analytic (k < H,,m, =0)

~~~~~~~~~~ analytic (k < He,my/mg = 0.1)

N

helicity 3/2 T

1074

107k

1071

WTF? (Why These Features?) also, power-law decrease instead of exponential

We argue that these features are due to the quantum interference of coherent scattering reactions. We find analytic
formulae for the particle production amplitude for a conformally-coupled scalar field, including an interference effect in
the kinematic region where the production can be interpreted as inflaton scattering into scalar final states via graviton
exchange.



£=1/6 Quadratic Potential m, = 0.1H, >~ 0.05m, ' {=1/6 | Quadratlic Potential my = 0.1H, ~ 0.05m,

20

T T T T T T T T T T T T T T T T T [ [ [ [ [
109 ; | | | _; ," |'| numerical
- 1 L105( v L 18277
B ] I
1071k = T\ el 15292 | p(42)
= i TR 18+ 6,
: | = 1100f 1
10_25_ E : 'l || ll \\ -
3E : i& 1'0955 I'. :" \\ l/ \\ 'A.\...,-.’.\\---;’-':\-v--rf-\'\';"’\—""—
ok 10| LA
10_4: ] “’2 1.090}- '|| ":l \ 'II v _
= = , \
? numerical ? ||| 5 ’l' W/
10-5L extrapolated MD | 1.085]- ’.',l' ! —
E (2-+2) N, o S
_ - ‘Bk ‘ N ; || | I'l | | | | | |
10 6 l l l L1 | \l | L1 1 \l | | L1 1 \l
1072 107! 100 101 4 §) 8 10 12 14 16 18
k k

 Extrapolated MD (matter dominated-no inflaton oscillations) |3| o« exp(—k*?) for k > 1

* Numerical (quadratic inflaton potential with inflaton oscillations) |5 | o< k=4 fork > 1
Power-law behavior can be understood as ¢+ ¢ //y + y via a classical Boltzmann approach
But, ¢+ @ [/ y+ y via a classical Boltzmann approach cannot explain oscillations

« Oscillations due to quantum interference | c1 (xx|U|p®) + ca{xx|U|ppopd) |?



Quantum interference In gravitational particle production

Z, 2 l, ru
| HH HH >
¢ <ot* <ot» _
¢
y ~ 7
¢~ .y
. = _

Initial macroscopic inflaton scattering state can be viewed as cold coherent superposition of n¢ states

Bogoliubov treatment allows processes that can be interpreted as | c1(xx|U|¢®) + ca(xx|U|ppop¢) |2



¢ =1/6  Hilltop Potential  m, = 10.0H, ~ 0.3m,
B | | | L | | | | L | | | | L | | _|
107%F 3
= 10_4:_ =
el - .
107 A U
- numerical ]
... ’6122—9)‘ \ ]
10—6 | Lol | L1l | Lol | K
101 10 101t 10?
k
¢6
 Hilltop inflaton potential V ~ ( 6

* Quantum interference much more pronounced

~2

<

~
(@)
=2

0.48 /’i = 1|/6 Hilltop Pl)otential m|X = 10.0H, ~ lO.Sm(/)
047§ Y\ AN 3~ _
\ 4 I\ X
\ /. \.A
046 4 Y iV y
il Mo A N
o ;'I/ \\\‘ { \\\ I'I \ //’H
0.44f/ W XN/ \ /-
4 X II \y \{/ \ v/
0.43] bY - \f -
' \/ "
0.42F numerical —_—— |ﬁl£2—>2) X /812:3_)2” —
0.41} = 1877 — Tl
| | | |
230 232 234 236 238 240
k

)
) effective cubic term



Change Perturbation Variables: Massive and Massless Modes Decouple

(2) _ (2 2 2
Lmassless T 'C’SMZ + ‘Cq(ﬁggu + ‘Cgou)gpu
Lﬁ? = — %VAUWVAUW + Vuu’”‘vyu“)\

— V,u""Vyu + %VMUV“U
+ (R — M2 V,69,0)

pAg, v 1, pv
x(u Uy — 5U u)

,C(Q) — M_l {(V,ugbvl/@u + vvggvusou)

U Py
X (u:ul/ _ %glﬂ/u) . V/(&)gpuu}

LP = _%v,u@puv'u@u - %VH(QB)SOZ

PuPu u

Lg;ssive — ES)%J) + E’EJQQD)U + [’g(023g0v
L3P = — 1V, V' + V 0"V 0"

— V, 0"V, u 4+ 2V ,0VHY
+ (R — M2 V,69,6)
X (v“’\vf — %v“”v)

— %m2 (v‘“’vW — 112)

£(2) — M};l [(Vu,@bvu%) + VVQZEVMQOU)

U Py
x (v = 1g"0) = V'(§)put]

LP = _%VMSO’UVM(PU — %V/,<§B)<quj

Pv P



Tensor Sector (Prime Denotes 6,7)
1
LT — §a2 {D;]D;] — 8ka@szj — a2m2DijDij}

Canonically normalized kinetic term:  Xi; = aD;; X+ Xx O

Fourier modes of Xi; (1, X)a Xi5(1,k); cantake k = (0,0,k)  [Xi;] = [Xx —X+ O

X (. ) + Wi () X, (0, k) = 0

X

If m =0, mode equation for gravitational wave
w,%(n) = k% 4 a*m?® — a” /a  propagating on an FRW background, familiar from
studies of tensor perturbations in inflation




Vector Sector (Prime Denotes 0,

G, not dynamical,

_ 2 (NN " L o202 ((Y AN (.
Ly =a [87<GZ Ci)0;(Gi = Ci) + a*m™(GiG 83028301)} can be Integrated out

a*k?m?
k2 4+ a?m?

In Fourier space: Ly = ICII? — a*k*m?|C;i|?

If m =0, Lagrangian vanishes trivially since massless theory does not propagate vector modes.
Canonically normalize, again taking k = (0,0, k), and defining X+ (1, k) = (X1 F iX2)/V2

X1 (n, k) +wi(n) X< (n, k) =0
wi(n) — L2 4+ a’m? — f///f
f=a%/Vk? + a?m?




100 |

1074

1078 = e
| | | | N | | | | N | | | | N | |
104 B I \[\ I I L I I I I L I I I I L I L
m=20 ;Hinf Minimally-coupled theory, vector
9 m =15.0v2Hj¢ |
10 m = 10.0v2 Hy¢
100} — m =200Vt .
102} m = 2L0V2 Hing S i
10—4 =
107 .
1078 .
! ! ! ! I ! ! ! ! I ! ! ! ! I ! !
104 B I I I I L I I I I L I I I I L I L
— = 2.0? Hipg Minimally-coupled theory, scalar B /\/\/J\/\/W\ MMHM'
ol m =5.0v2 Hj ¢
10 m = 10.0 V2 Hy ¢ - |
100 | m = 20.0 ﬁHinf / " | ]
— m=21.0 \/EHinf W AT "
10-2f | 4 k. .
| i
1074 - R H’”d.."
1079 .
107K .
| L | L | L
A
107! 10° 10! 102

! ! !
— m=20vV2H;

m=50v2H;

m =10.0v2 Hyp¢
m = 20.0 \/EHinf
m = 21.0 \/iHinf

Minimally-coupled theory, tensor

comoving wavenumber k/(a.H.)

Massive Spin—2 Spectra

Modes with k/a,H, < 1 left horizon
before end of inflation

Modes with k/a,H, > 1 always sub-
horizon

Only consider non-ghostly masses
Low-K oscillations explained

High-Kk oscillations explained
Basso, Chung, EWK, Long 2209.01713

Low-K scaling (k) explained

High-k scaling (k"2 or k=°/2) explained
Basso, Chung, EWK, Long 2209.01713

Scalar (helicity-0 mode) dominates



106k Minimally-coupled theory, scalar I1

S T

— m =20 \/iHinf

100k m = 5.0v2 Hy¢
—— m=10.0v2 Hy¢
1072F — m=200V2 Hyyy
—— m=21.0V2 Hyy

Both theories, scalar ¢,

109

10 10
comoving wavenumber k/(a.H.)

Inflaton Spectra

Modes with k/a,H, < 1 left horizon
before end of inflation

Modes with k/a,H, >1 always sub-
horizon

Only consider non-ghostly I1 masses

High-k oscillations explained
Basso, Chung, EWK, Long 2209.01713

Low-K scaling explained

High-k scaling (k=/2) explained
Basso, Chung, EWK, Long 2209.01713
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Relic Abundance (Assuming Stable)

Qh?

m

H, TR a’n

012~ 1019GeV 100GeV 105GeV adH?

Relic Abundance (

Minimal Theory)
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