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Introduction
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What could source dark matter production
in the early universe?
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The early universe
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End of inflation

FOr concreteness Consider [J. Ellis, M. A. G. Garcia, D. V. Nanopoulos, K. A. Olive, and S. Verner - arXiv:2112.04466]
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End of inflation

For concreteness, consider Close to the minimum
1

s = [aav=g(50.07 - v(e) V(9) = smi? =AM (6 < Mp)
d+3Ho+Vy=0 s »
4 ¢ ’ allos inde m
V(gbi = AMp [‘/éta’nh ( \/EMP)] ;E]P:x:lmgogé.;zz%] J \/ V/\V/\V/\/\/\,n\;\vnvnﬁt
(¢%) =~ (6V'(9))
= () = do(t) cos(mgpt)  ¢o(t) ~ a(t) ™3/
1 .
> ¢ (Py) = 5(452) —(V(¢)) =0
1872 Ay (k) s 1, (we) =0
A 62 ~ 10 (pp) = §<¢ )+ V() = V(o)
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Preheating

inflation matter domination radiation domination

=3

= 3

5 preheating .
ks =
= S
= w ~0 9
S <
©
=
Qo

-

Mathias Pierre Dark matter production from (p)reheating 24/10/2022 6/21

> log (a)




Dark matter production from preheating



Particle production during preheating

» Consider coupling to scalar dark matter $ s
P
| :
S = /d‘lx\/—g(@ §(BM¢)2 — \p* M3 inflaton ] t
minimal coupling to gravity —|—1(8 X)2 — 10'(352)(2 — 1?’)12 X2 ) scalar =) m2 (t) p— m2 —|— O'sz(t)
2" 2 2 X xeff\b) = Ty

Goal: Estimate DM production for all regimes of o /A

ny(t) = (29;)3 / d°P f,(Py, 1)
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Scalar preheating: fluid approach

First approach: fluid picture — approximate energy density by envelope

« Phase space distribution from Ofx H|P| O = C[f(|P|,1)]

ot o|P
e P — |
CUAPLO) = 5 | oo Gopigpa 200 = P = PR
<R+ RPN+ AP~ PP + £u(h)] J\
k.t) = (27)3n4 ()0 (k
* Collision term given by: Jolle ) =m0
of of T
a—tx — H|P‘8|I§\ — 62m3p¢P¢¢_>XX5(|P| —mef(t)[(142f(|P])) Bose enhancement

2
pt) = \/1— meﬂ;(t) . kinematic blocking

Mg
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Scalar preheating: fluid approach

» Treat inflaton as coherent oscillating condensate

o0
—1nwet L o 1 9
n;@ P, e wo E, = nwg = Tggyy = (LT wg)ps 4 ZEn5n|Mn|
' () ( meg (1)
<X(pl)X(p2)|?’ d xﬁlﬂt‘o - Z 27‘- Z M ) p2) Bn = 1 — 7

[M. A. G. Garcia, K. Kaneta, Y. Mambrini, K. A. Olive, S. Verner, arXiv:2109.13280]
» For quadratic potential wy = my and equivalent of treating inflaton as
collection of particles in Minkowski space-time!

Y gb 2 2
;L;V |M‘92b¢—>xx — ‘z> i <X+¢>‘<); _(‘>"’W‘M< @‘XD

P
c o (T2 + 1) = T r L A0 [ mA]
int — MP pr\+g -+ X 9 X = PO—xXX — 397 mz U@ ‘I_% /82
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Scalar preheating: the field picture

« Treat dark matter as quantum field in curved space-time

- i £ . d? \V& d 5 5 B
quation of motion: 2 + SHE +mi +09” | x =0
i ' — d3p —ip-x A * AT
* Quantize the (rescaled) field  X(r,z) =ay = (271')3/26 [Xp(’r)ap + X, ('r)a,_p}
« Harmonic oscillator with time-dependent frequency Gravity!
2 2 | 20p\a2 A2 2 2 @
XP+aiX, = 0 wR(t) = PP ad(Oid(t)  ida(t) =m} + 06’ +
e Distribution function from occupation number
1 2 d
n, = — |w, X, —iX/ = f (P,t) = ngp(t = —
p 2wp p<xp p| X( y ) a ( ) d’T
[L. Kofman, A. Linde, A. Starobinsky - arXiv:9704452 — arXiv:9405187] dt = dT

[M. A. G. Garcia, K. Kaneta, K. Olive, Y. Mambrini, S. Verner - arXiv: 2109.13280]
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Scalar preheating: the field picture

* Set initial condition for mode functions X (To) _ X! (1) = — Wy
0
in Bunch-Davies vacuum ! \/ 2wy P \/ 2wy

WIQ) (tend) — p2 + agnd (mi + O-¢2 o Hezl’ld)

. . . . 2 _
» For small physical scales modes always inside horizon Wy, > 0 ® 70 = Tend
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Scalar preheating: the field picture

* Set initial condition for mode functions X, (19) = X/ Wy
0 7o
in Bunch-Davies vacuum ! \/ 2wy »(70) \/ 2wy

w;(tend) p +aend (m +O_¢ o ezlld)

* For small physical scales modes always inside horizon wf) > () ® 70 = Tend
2
 For m +o0¢p® < H2, modes with p* < alq (Hend i — 0¢2) wy (tend) < 0
1
® 70 < Tend lof (E)
p2 > a(TO)QH(TO)Q = I e - - CEEEECEEEELEED
\ Qv
=» Particle production! log(1/p) --@N---- -
Red-tilt of the spectrum! s
____________ .
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Gravitational production ¢/ < 1

[N. Herring, D. Boyanovsky & A. R. Zentner - arXiv:1912.10859]
[S. Ling & A. J. Long - arXiv:2101.11621]
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=>  Excitation of light field in quasi De-Sitter/space: increases as mass decreases

=> Recover fluid (Boltzmann) regime at large q f, ~ q_9/2
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Gravitational production /) < 1

[N. Herring, D. Boyanovsky & A. R. Zentner - arXiv:1912.10859]

= Take IR cutoff as present horizon [S. Ling & A. J. Long - arXiv:2101.11621]
90\ 4 (1N 1 1s (HoaMp ' Ho ( azen ) 2
m=n=(3) () @ (%e7) n(2) € po=aoHo

For small DM mass

For T,., > 34 GeV

Overclose the universe!

h2

+ isocurvature constraints !?

Treh [GeV]
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Gravitational interferences 0 < o/)\ < 1

2

m2 ?
X Interferences!
2m¢

2
N A M=
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Resonance effects o/) > 1

. . [M. A. G. Garcia, K. Kaneta, Y. Mambrini, K. A. Olive, S. Verner, arXiv:2109.13280]
» Changing variables

» Equation for mode functions <> Mathieu equation
Ep+ (Ap —2¢cos(2z))x, =0

mode evolution ----------{f- |

_ 1/2 _ ™ . .

LL‘p — / Xp L = mgbt —|— 2 stable <o _
i pz +9; - ng% unstable |
(“energy®”) (“mass?”)

* For large momentum, i.e. A, > ¢ narrow resonance
A, ~1+£q§ =» stable

o Close to Ap ~ 2(, efficient particle production

as crossing several instability bands over At ~ §/H solutions for constant
parameters

[L. Kofman, A. Linde, A. Starobinsky - arXiv:9704452]
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Small couplings 1 < s/) < 10*

a/Genq = 120
A
108 — 101/20-/ 105/2 ]
— 10 103 |
3/2 — 1072 ]
105 \‘ " —_ }82 e 184 i
10%F ~

istabilities!
—9/2

=»> Broad resonances at large coupling fro

=>  Recover Boltzmann regime at large q [, ~ ¢

[L. Kofman, A. Linde, A. Starobinsky
arXiv:9704452 — arXiv:9405187]
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Large couplings o/)\ > 10*

Copiously produced dark matter disrupts inflaton condensate

=> Hartree approximation ¢ -+ 3H¢ 4 VG5 + a¢2 <X2> — ()

- . . . Cosmoﬁattlce [D. G. Figueroa, A. Florio, F. Torrenti,
Real space Iattlce S|mUIat|0ns A modern code for lattice simulations of scalar W. Valkenburg, arX|v2lO201031]

and gauge field dynamics in an expanding universe
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Large couplings o/) > 10*

Hartree Boltzmann or lattice?
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Large couplings o/)\ > 10*

10 0 gena = 120
a/aend - a/a-end
e
— 6
10° :
\ ' — 43
~ \ with Bose -= Hartree
A\ .
S 103k “\_ enhancement &
~ N
= ~
o )
S Sy
10 — Hartree
— Lattice Q
[ -- Boltz. f, f=1
—- Boltz. f, \
. M | N . M | N PSS | 1\“
1 10 102 |

q q

= Hartree and lattice consistent =» Quasi-termal distribution from lattice

=> Boltzmann fails at capturing IR =» Hartree fails if backreaction too large
w+o Bose or kinematic 3 factors
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Scalar preheating phases

I ¥ ] ! I il I 1 T l T T I
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with Bose enhancement i ’ ; e
-
my-dependent | f"__t..»-
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=>  Applicable to generic light scalar, not just dark matter
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Take home message
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e Characterized scalar preheating over large spectrum of couplings

e Checked consistency of several approaches

Thank you for your attention
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Gravitational contribution to the effective mass
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« In fluid picture: transition to radiation era via dissipation term =T';p,(1 4 wy)

Tiow =T} + 11" V. Tt = VT ==V, 1"
* System of Friedmann-Boltzmann equations Ty < mg

. | reh\1/4
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Lattice

simulations: phase space distribution
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CosmoLattice

A modern code for lattice simulations of scalar
and gauge field dynamics in an expanding universe

[D. G. Figueroa, A. Florio, F. Torrenti,
W. Valkenburg, arXiv:2102.01031]
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Lattice simulations: energy density and fragmentation
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CosmoLattice

A modern code for lattice simulations of scalar

and gauge field dynamics in an expanding universe

[D. G. Figueroa, A. Florio, F. Torrenti,
W. Valkenburg, arXiv:2102.01031]
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Constraints on parameter
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