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motivation
making dark matter
from gravity



dark matter pulls on things

Dark matter pulls on stars in galaxies
(galactic rotation curves)

Dark matter pulls on light

(gravitational lensing)

=

g :

s : _ Observed
g

Expected

Distance from Center Dark matter pulled on e’p* plasma

(CMB & large scale structure)
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no evidence (yet) of dark matter bumping into things

No dark matter bumping into things
(direct detection; 1805.12562)
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(notwithstanding hints of new physics, there’s no overwhelming evidence)
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the hypothesis:

DARK MATTER

DARK MATTER is the name
given to material in the
dark ;
matter ¢ RRERGEOHI
TS or reflect light

Universe that

but is necessary to explain

obse avitational effects

ed gr
in galaxies and stars. Dark
B matter, along with dark

energy, totals 96% of the

Universe, yet it remains a

mystery as to what exactly it
s

Aerylic felt, wool felt, and fleece
with gravel fill for maximum
mass. Packaged in a black opaque
bag designed for concealing
contents.

LIGHT HEAVY

DARK MATTER

tPARTICLEZ '0

Gravitational production of dark particles
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LIGHT HEAVY

GRAVITON

EPARTICLEZ 0

The GRAVITON isa
particle not yet
observed. It communi-
cates the force of
gravity and is the
smallest bundle of the
gravitational force field
Some theorists believe
gravitons can travel
between braneworlds.
Lucky Il fellas!

Aerylic felt with
poly fill for

minimum mass.

mass

charge

spin

Standard Model of Elementary Particles

three generations of matter
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Several ways to create dark matter from gravity

the DM is a collection the DM is produced from the DM is a produced from
of primordial black holes PBH evaporation thermal freeze-in

X

X graviton

dark sector
is populated

3ot

graviton

primordial
black hole

[Fujita++ (2014)], [Lennon++ (2017], [Morrison, Profumo, [Garny, Sandora, & Sloth (2015)], [Garcia, Kaneta, Mambrini, Olver,

[many authors, esp. after LIGO BBH merger (2016)] Yu (2018)], [Hooper, Krnjaic, McDermott (2019)] Verner (2021)], [Clery, Mambrini, Olive, Sherkin, Verner (2022)]

the DM is produced from
cosmological expansion
during (or at the end) of inflation

cosmological
gravitational particle expanding dark sector
. universe is populated
production (CGPP) h M

[Kuzmin & Tkachev (1999)] , [Chung, Kolb, Riotto (1999)] , [review by Kolb & AL (2312.09042)]
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CGPP for dark matter — lots of studies!

S = /d4x\/—g$

Chung, Kolb, & Riotto (1998)

Spin—O (Scalar fl@ld) Kuzmin & Tkachev (1998)
1 1 1 Herring, Boyanovsky, & Zentner (2020)
2 2 2 Ling & AL (2101.11621)
L = _guya,u Qpaugp — TN Y —+ _SSO R Lebedev, Solomko, & Yoon (2022) g T _
2 2 2 Brandenberger, Kamali, & Ramos (2023) log\smbu €=, 4 4
. ) ) Garcig, Pierre, & Verner (2023) i = 10-20
- 101\ -
Spln 1/2 (Splnor fleld) Kuzmin & Tkachev (1998) % o I‘(”‘Q”leml\}vm,l. |
i 1 Chung, Everett, Yoo, & Zhou (2011) )
NIy~ M I T, Hashiba, Ling, & AL (2206.14204) 10 e 1
2L = Sy (V) 5mWW + hec. (G0 et |
el n-1 (Vector f|e|d) Dimopoulos (2006) — not for DM; Graham, Mardon, & Rajendran (2016); m/He
Ahmed, Grzadkowski, & Socha (2020); Kolb & AL (2009.03828)
- _Ytgpagsp g L2 A A, Se RGMALA, — € RNV A, A
— A g prdap 9 m-g p<iy 2 14vg p<iy > 2 o<y
Spin—3/2 (vector—spinor fleld) Kallosh, Kofman, Linde, & Van Proeyen (1999); Giudice, Riotto, & Tkachev (1999); Lemoine (1999);

Kolb, AL, & McDonough (2102.10113); Kaneta, Ke, Mambrini, Olive, Verner (2023)

= o o 1 T, o
L = 0, (Y"YYT = 7P y) (N Wo) + 5mW My Ws + hc.

spin-2 (t field
pin-2 (tensor field) larger reps (Kalb-Ramond)

2 Alexander, Jenks, & McDonough (2020) Capanelli, Jenks, Kolb, McDonough (2023)

— 2 Kolb, Ling, AL, & Rosen (2302.04390)

Gravitational production of dark particles Andrew Long (Rice University)



Highlight: results for CGPP of spin-O DM

see also: [Chung, Kolb, Riotto, & Senatore (2005)], [Ling & AL (2020)], [Kolb, AL,

og D 4 m X2 _|_ 2 €RX McDonough, & Payeur (2022)], [Lebedev, Solomko, & Yoon (2022)]

[Garcia, Pierre, & Verner (2023)]
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Today’s topic: what’s up with these wiggles?

Giudice, Riotto, Tkachev (1999)

Ema, Nakayama, Tang (2018)
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spectra of dark
particles arising

from CGPP
., Kolb, AL, McDonough (2021)
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CGPP calculation
in the Bogolubov formalism



CGPP in a nutshell

conformal couplir

to gravity
QFT in curved spacetime: S = /d4flf vV —g [%g’”@“xayx — %miXZ + %fsz] (€= 1)
=1/
inflation + reheating: FRW: (ds)? = a(n)? [(dn)2 — |dw|2}
1 dk "
Fourier decomposition: x(n,x) = / ar Xx(n) "™ + c.c.
| a(n) J (2m)?
equations of motion Ansatz: leading-order WKB approx.
_ = (+ -
X1 () + wi(n) xu(n) =0 xk () = ax(m) xi” (m) + Br(n) X~ (n)
(£) _ ex [Fi ["d "wi(n")] ~ 12 > 12
wir(n) = k* + a(n)*m3 o =00l =18k =1
a harmonic oscillator with time-
dependent frequency new mode functions comoving number
a fp = g;_ Bk ezif"dn'wk(n’) density'of CGPP:
U v _ k°
- n/Bk:_k_ake—zlfndnwk(n) a nk T 2W2|'Bk(w)|
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CGPP in a nutshell

conformal couplir

QFT in curved spacetime: S = /d4flf vV —g [%g’”@“xayx — %miXZ + %fsz] (:gra\;it/v)
inflation + reheating: FRW: (ds)? = a(n)? [(dn)2 — |dw|2}
1 dk _—
Fourier decomposition: X(77, ZU) — CL("’?) /(2%)3 ar Xk (77) € + C.C.
equations of motion Ansatz: leading-order WKB approx.
i (n) + wi(n) xe(n) =0 xi (1) = &k(m) X, (n) + Be(m) xi” ()

(£) __ exp[Fi ["dn'wk (n')]

wie(n) = k* + a(n)*m3 %00 =2

a harmonic oscillator with time-

dependent frequency new mode functions

Oy, = 5ok By e /o)

an = —k- &y e—2i ["dn'wk(n’)

comoving number
density of CGPP:

a'3nk i 27r I'Bk |
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CGPP in a nutshell

conformal couplir

QFT in curved spacetime: S = /d4flf vV —g [%g’”@“xayx — %miXZ + %fsz] (:gra\;it/v)
inflation + reheating: FRW: (ds)? = a(n)? [(dn)2 — |dw|2}
1 dk _—
Fourier decomposition: X(77, ZU) — CL("’?) /(2%)3 ar Xk (77) € + C.C.
equations of motion Ansatz: leading-order WKB approx.
i (n) + wi(n) xe(n) =0 xi (1) = &k(m) X, (n) + Be(m) xi” ()

(£) __ exp[Fi ["dn'wk (n')]

wg('l’l) — kz + a(n)Qmi Xy () = 2 (m) |54k|2 o |Bk|2 —1

a harmonic oscillator with time-

dependent f . .
epencent frequency new mode functions comoving number

a G = w'k Bk eQif"dn'wk(n') density of CGRR:
N € n a3nk == |
— —2i ['dn'w :
z an_—k—ake L7 dn wk (') /
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CGPP in a nutshell

QFT in curved spacetime:

inflation + reheating:

Fourier decomposition:

FRW:

(ds)*

x(n, x)

equations of motion

Xz (n) + wi(n) xx(n)

a harmonic oscillator with time-
dependent frequency

— 0
wir(n) = k* + a(n)*m;

1

S = / d'zv/=g | 18" xux — sm2x* + 1Ex°R)]
= a(n)*[(dn)* -

d|”]

a(n)

[y

T 2wg

ar, Xk (n) eF® + c.c.

conformal couplir
to gravity

(€="1/s)

Ansatz: leading-order WKB approx.

xk(n) = ax(n) X\ () + Br(n) X\ (n)

(£) __ exp[Fi ["dn'wk(n)] ~
X (m) = =252 [o72

ew mode functions

Bk e21 [7dn'wik(n’)

e—2i ["dn wi(n’

comoving number

density of CGPP:
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CGPP in a nutshell

conformal couplir

QFT in curved spacetime: S = /d4flf vV —g [%g’”@“xayx — %miXZ + %fsz] (:gra\;it/v)
inflation + reheating: FRW: (ds)? = a(n)? [(dn)2 — |dw|2}
1 dk _—
Fourier decomposition: X(77, ZU) — CL("’?) /(2%)3 ar Xk (77) € + C.C.
equations of motion Ansatz: leading-order WKB approx.
i (n) + wi(n) xe(n) =0 xi (1) = &k(m) X, (n) + Be(m) xi” ()

L~ (£)(,y _ explFi[Tdn'we(n)] |~ ~
w2 (77) — kz + a(’?)zmz CGfPisinefficierrc\ X, (n) = 225 2w:(n) : |ak|2 - |/8k|2 =1
k x (G ~1

a harmonic oscillator with time- \

dependent frequency new mode functions comoving number
a wp B ezif"dn'wk(n’) density'of CGPP:
4 Y ﬁ 3 —_— k3 0 2
<3 B, = ﬂb_ &y e~2i /"' oy | 4T = e |ﬂk(oo)|
— 2w =
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Resonant contributions

Bogolubov coegicc)ients: 2 ( )/2
—21 td ! k2 a )2 m2 where — X
ﬁk I~ /_oodt Fk(t) e J dt \/ /a(t’)?+ X Fk(t) — kz/a(t)2 + mi

this integral resembles a Fourier transform
it selects out oscillatory components when the inflaton oscillates

Background evolution (example): Decompose into slow and fast-varying pieces:
my(t — t.)
—2.5 —2 —1 0 5 10 20 30 40 o
N ' ' ' L R I‘(n) 1nm¢t resonant contributions
10 === === Quadratlc Inflation . | :
: ael : 5 OW & - scattering channels

10°F .
g resonance condition

Z ,B(ncf)—)ZX) <> energy

conservation

10-1E

g a/a,.
,| — H/H, ;
1072 / , 1Rt
- —— |R|/6H;
L — |ol/Mp

1()—3 1 | ]
-4 -2 0

= 2\/k2/a, t-(n))2 +m2
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Analytic expressions & power-law behavior

Evaluate resonant contributions using stationary phase approximation:

(ngp—2x)
k

A(n—>2) (chn_)z)

@gn—ﬂ) - (I)(n—>2)

k,leading
2k/a

V (nimg)? — (2my)?

3
|

[see Basso, Chung, Kolb, AL (2209.01713)

A(1—>2) _

—15/4 5
i 3as

4

— r2 (1+0(k?) ,

T + 1"17">2< + :1327”;1( — 4167“)6( + 384r

(4.3a)

(2-2) _ —9/4 3 i
S I T Vg X<1+

1024(1 — 12)?

8
X/Q2_3 + O(FL2_6)> ’

(4.3b)
3 .
3—2 —15/4 Q3 i
AP = /5 9_2r2 i (14 0(s57%) (4.3¢)
4 X
914 3 (=21 + 6803 + 24y +12r7) | —2i
(4—2) _  —21/4 3 4 X im
AT =k, 1096 = r2 (1+0(k%) | (4.3d)
(1) (1), 2 4
(1-2) _ 372 (Yo tynry — 1280 3
Ad, = Ky ( 180 (1 4r2) + 2+ 0(k1%) | (4.4a)
(2) | (2) 2 4
_ +y r — 80r B
AP 32 (Jo T H X404 0w ), 4.4b
e (U o 1280, + 23 1+ 0(r3?) (4.4c)
12960 (9 — 4r2) SR e
)

A@,(C?H% =K
K

A(I)I(;l—ﬁ) _ y
—T

for additional details]

3
a2 uo? + iV i 4 25888
* 960 (4 — r2) (—21 + 6803 + 2day + 12r2)

+ W 4 (9(/454;3)) , (4.4d)
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Analytic expressions & power-law behavior

Evaluate resonant contributions using stationary phase approximation:

2 2 . x (n—2)
’E:n¢>—> X) _ Ai:z—) )elcbk

(n—2) x(n—2 n—2
A(I)k: 2 q)k: ~2 (I)gc,l;d)ing

2k/a
\/(nm¢)2 — (2my)?

_ —ir
A = 3‘“3\E 2 (14+0(s) | (4.32)
4 X

xo + 1172 + zor? — 41675 + 384r8
A(2‘>2) 1 X X X X, —3 O —6
k 1024(1 — 12)2 2O ]
(4.3b)
(4.3¢c)

' })2% (140

(kg?) (4.3d)

10*

102

power-law scaling agrees with earlier é\ 10°f
numerical work: < 1072

=
107

[S] ‘
10 -6 ”_”_“"»“"

10~ 8 »______-—_-;_'V'____j.j—__;-j‘__‘j',—'._‘;-_ —_ - '7‘_','_‘.1',_. —

m=2.0v2 Hing
m =502 Hing
m = 10.0v2 Hinf

m = 20.0/2 Hy ¢

m=21.0v2 Hing

[see Basso, Chung, Kolb, AL (2209.01713) for additional details]
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Numerical validation

Compare two approaches: direct numerical integration & stationary phase approximation.

m, = 10.0H, ~ 0.3m,

*

Py

£=1/6 Hilltop Potential
| I I L | I I I L \l
1073
- 1074
N -
107°F
- numerical
... |5£2—>2)|
10—6 Lol Lol
101 10° 101!

k

102

0.48 £=1/6 Hilltop Potential my, = 10.0H, >~ 0.3m,
. s I I [ [
/ \‘ "\;
047 PN ) L5~ _
\\ // \ !/ \~Xn
046 4 A\ e R -
../l ...... \)F ....... !Z ......... N l ......... xx ........ /
—= 0.45F7, \'\ [t ‘\ { \ /J
= f’/ v \\\ /’I i 7
= 0.44f/ A\ \ o \ /-
2 y \‘L q \ y\ /{/ AN v/
0.43} \j - \/ -
v
0.42F numerical e |ﬁ,(€2_>2) + 5;23%2” B
0.4LF = 187 — LA
| | | |
230 232 234 236 238 240

k

The oscillatory behavior (with wavenumber k) in the spectrum (Bogolubov coefficient ;) is captured by
interference between resonant contributions to the Bogolubov integral, which are associated with different

inflaton annihilation channels n¢p =2 2y
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Scattering description

Ema, Nakayama, & Tang (2018):
CGPP arising from inflaton oscillations corresponds to
inflaton annihilations

O b ok Tadoxx M /M 1m¢
\ : 4 ::/ 2
7 s F¢¢—>XX — ¢ ®
¢/ ) 167 M
Op — XX = npxk 3/2
—9/2

PP — xx = npxk
ng — xx = nNipX f—3(2n=3)/2

Chung, Kolb, & AL (2018):
We arrive at the same power-law scaling relations from
the Bogolubov formalism

A(2_)2) x k™ =  np ok 8?2
A(B—)z AN
A(3—>2 214 ng L—15/2

Gravitational production of dark particles

Basso, Chung, Kolb, & AL (2022):
We study interference effects using the Bogolubov
formalism. How does the interference correspond to a
scattering?

Naively seems like interference is impossible:
* initial states are different (e.g., 2¢ vs 3¢)
* final states are different (E, = m, vs 3m,/2)

These issues are resolved because:

e theinitial inflaton coherent state is a state of indefinite
particle number

e Early 3-to-2 scatterings interfere with late 2-to-2
scatterings -- energy lost through redshift

L t ) o tru
| L1 L1 |
f T T T

<ot> «St>

¢ 4
¢>@<
@ X
4

y

v
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Context: Cosmological gravitational particle production (CGPP) arises when quantum fields “feel’ the
homogeneous expansion of the universe during inflation or at the end of inflation.

CGPP provides a simple explanation for the origin of dark matter (across wide mass & spin), and it leads
to an unavoidable production of any (non-conformal) hidden-sector particles.

Question: What’s the origin of wiggles seen in (some) spectra of particles arising from CGPP?

Answer: Interference of resonant contributions to the Bogolubov integral, which can also be interpreted as
quantum interference between different annihilation channels: ng =2 2y .

Points for discussion:

* The interference fringes don’t impact the total abundance of CGPP appreciably.

* So, what are possible observable signatures of the interference fringes?

* More work needed to establish a rigorous scattering description of CGPP interference.

*  We focused on a conformally coupled scalar field — how different for fields with spin?

*  We focused on CGPP —is there also an impact on preheating due to a non-grav coupling?
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numerical vs analytical
for a minimally-coupled scalar



Numerical validation — quadratic inflaton potential

For a quadratic inflaton potential, the hierarchy between H, and m, is smaller (than for hilltop)

£ = 1/6 Qllladratic Potential m, = OI.IH,‘2 =~ 0.05m

T L 05mg_ ' £I= 1/6 I Quadratlic Pot.entlia.l mI\ = O.IH(IE o~ 0.05-n]z¢
10° ; é :' “‘ numerical
8 ] . 0y
Liosfi L L ey
1071 I o
E E 22 n(4—2
| | v e A
102 { & 3 A
— = e ‘d‘— I | I “ _
g 1 — 1 || I 3 4 \\ -\ p
3 10—'5 3 = O& 1 095 | |l " |‘ ” \\. '/I ) -\\ .. ’/ \>< . "/"\_‘\”I N .’-.A‘:>.~ A% T
= = % : || 'l \ "l- .\\.-’ \,,’ -~
1074k 4 = I 1 . . }\‘ i v
E . 1 = 1.090f 1 AR .
s numerical | — S ! -
1075 B extrapolated MD i l|.. : v/
E veeas |3}E_2—>2)| %, 1.085] .1: g n
10—6— 1 1v | ) Ll 1 1 Ll ’ :|| :
1072 10~1 10° 101 Ly | | ! 1 | !
k 4 6 8 10 12 14 16 18 20
k

The analytical approximation converges more quickly — already 222 and 4->2 contributions give an

excellent fit to the direct numerical calculation
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modeling reheating
how it impacts the spectrum



Effect of reheating epoch

For illustration, consider a scalar field that is light

In(a/a) (m,, < Hi) and minimally-coupled (& = 0) k [apMpc™]
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phenomenological considerations
in a concrete model



Example: alpha attractor

T-model
alpha attractor

V- — au’M? tanh? ¢
7(¢) = ap”M; Joall,

T Model é
L -6 ]
4 x10-°F My ~ 6.x10 Mp i
[ =25 ) Tf(to_t) 5 10 20 30 40
3. X ]_0_9 B ; t 101%"""--——--__I__\\(\in(llratitlt Inﬂa,tionl I I T
s | o(t)
@ = oo i 1o°§
é 9 [ ] i -
= 2.x1077F i .|
> [ a (t) E aja,
1 10*2;_ H/H, ,
I a =10 ] F—— [RI/6H
Lx107F : FRW background [~ lbAm |
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CMB isocurvature
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Parameter space
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going non-minimal
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