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All evidence from
gravitational interactions

Exp. searches look for
other interactions with us
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All evidence from
gravitational interactions

ey
oy Exp. searches look for
;- other interactions with us
1072%eV 10718eV 1075eV 10712V  neV peV meV eV Y MeV ~ GeV ~ TeV ~ PeV Mpm
SM tunings, parameters UR WIMPs
| Freeze—inDM ] WIMPzillas

Asymmetric DM

History

Gravitationally
prod. sectors
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e RN All evidence from
. - N gravitational interactions

ey
By Exp. searches look for
. other interactions with us
Redius (kpc) “ .
10721eV 1078V 107V 107'%eV  neV peV meV eV kev. MeV ~ GeV = TeV  PeV Mpm

['24 DR, Verner, Xue]

Freeze—in DM
" ['22 DR, Riotto]

WIMPzillas

Gravitationally
prod. sectors

['21 Arvanitaki, Dimopoulos, Galanis, DR, Simon, Thompson]
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DARK MATTER PRODUCTION MECHANISMS: TARGET FOR SEARCHES
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DARK MATTER PRODUCTION MECHANISMS: TARGET FOR SEARCHES 3
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DARK MATTER PRODUCTION MECHANISMS: TARGET FOR SEARCHES
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DARK MATTER PRODUCTION MECHANISMS: TARGET FOR SEARCHES 3
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FREEZE-IN AND COSMOLOGICAL PERTURBATIONS ON LARGE SCALES 4

» DM and SM never in equilibrium. Do they share same perturbations? '22 Bellomo, Berghaus, Boddy]

Photons, baryons

perturbation  8p(z, x)
>
average p(1)
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FREEZE-IN AND COSMOLOGICAL PERTURBATIONS ON LARGE SCALES 4

» DM and SM never in equilibrium. Do they share same perturbations? 22 Bellomo, Berghaus, Boddy]

Photons, baryons
Dark Matter ?

perturbation  8p(z, x)
>

A mismatch is

average p(1)
strongly constrained!
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FREEZE-IN AND COSMOLOGICAL PERTURBATIONS ON LARGE SCALES 4

» DM and SM never in equilibrium. Do they share same perturbations? 22 Bellomo, Berghaus, Boddy]

Photons, baryons
Dark Matter ?

4 .
perturbation  8p(z, x)
>

A mismatch is

average p(1)
strongly constrained!

» different gauge: 0p(t,X) = op(t, X) + p(1)ot
» Gauge invariant curvature perturbation:

; Prot?)
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FREEZE-IN AND COSMOLOGICAL PERTURBATIONS ON LARGE SCALES 4

» DM and SM never in equilibrium. Do they share same perturbations? '22 Bellomo, Berghaus, Boddy]

Photons, baryons

Smgle Clock argument [04 Wemberg]
Dark Matter ?

510DM ol _ 6/0}/

. Pom L Py

 perturbation  §p(z, x)
>

A mismatch is

average p(1)
strongly constrained!

» different gauge: 0p(t,X) = op(t, X) + p(1)ot
» Gauge invariant curvature perturbation:
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FREEZE-IN AND COSMOLOGICAL PERTURBATIONS ON LARGE SCALES 4

» DM and SM never in equilibrium. Do they share same perturbations? '22 Bellomo, Berghaus, Boddy]

Photons, baryons

Smgle Clock argument [04 Wemberg]
Dark Matter ?

oppm 0T 5'0;/

. Pom L Py

~ perturbation  8p(z, x)
>

A mismatch is

average p(1)
strongly constrained!

['22 DR, Riotto] ['22 Strumia]
» DM energy density ppy(Z, X) < T (7, X)

» different gauge: 0p(t,X) = op(t,X) + p(t)ot — regardless of thermalisation!

» Gauge invariant curvature perturbation: » DM and SM share origin of perturbations

= cannot differ later

» Tiny corrections suppressed by k® ['23 Holst, Hu, Jenks]
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GRAVITATIONAL PRODUCTION (1) e e sy 9" 5

\ \

mflation

i, (1) + o w(f) = 0 i) (1) + W (1) w (1) =
1 . 1 (@
I/tk(t) — o iyt uk(t) ~ e—z[ (1)t
\/ @k v (1)
o T % o (out). ,(out) T(out), , *(out)
¢ J (akuk +au; ) ¢ J (ak i, + ak U, )
a,10) =0 Vk o™ # o —|

Partlcle prc>du<:t|onI

w, (1) : mass term,
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GRAVITATIONAL PRODUCTION (2) e e ey " 6

mflation
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GRAVITATIONAL PRODUCTION (2) e e ey " 6

mflation

.ﬁ

" Scale invariance: T;j =0

broken e.g. by mass

Irreducible time dependence|

- Inequations of motion Coupling matter-gravity:
? <z =h,T"
P  TH

WC<~T5

Davide Racco (ETH-U. Ziirich) ~ Durham U. — DM beyond weak scale II



GRAVITATIONAL PRODUCTION (3) g e o sy o, 7

mfation

(scalar)  py4
P k,exit HI
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GRAVITATIONAL PRODUCTION (3) g e o sy o, 7

mfation

p(scalar) N HI4

k,exit

» Usetul, but only analogy, not a strict equivalence
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EPOCHS OF GRAVITATIONAL PRODUCTION

['98 Chung, Kolb, Riotto; ‘99 Kofman, Linde, Starobinsky; ‘18 Chung, Kolb, Long; ‘19 Li,

a)k(t) k2 9 Nakama, Sou, Wang, Zhou; ‘21 Ling, Long; ‘23 Brandenberger, Kamali, Ramos; ...]
= R ,
a(?) a(t)? 4 » Time-dependent w,(7):
. . ’ ) ' t
[(in preparation, ‘24) DR, Verner, Xue] My (late times) ™ /3 |ﬂk‘ ‘Ok>(m) + ‘()k>(01l)
— tdt’ L o 2i o dt”
Horizon - Atinflaton = Pr = 3 CXp\ —<41 | —
Wy, d

li l;

crossing : oscillations:
always present need m > H,

time
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EPOCHS OF GRAVITATIONAL PRODUCTION

['98 Chung, Kolb, Riotto; ‘99 Kofman, Linde, Starobinsky; ‘18 Chung, Kolb, Long; ‘19 Li,

a)k(t) k2 9 Nakama, Sou, Wang, Zhou; ‘21 Ling, Long; ‘23 Brandenberger, Kamali, Ramos; ...]
= F o+ — ,
a(?) a(t)? 4 » Time-dependent w,(7):
. . ; 9 ' t
[(in preparation, ‘24) DR, Verner, Xue] My (late times) ™ /3 |ﬂk‘ ‘Ok>(m) + ‘()k>(01l)
A . t’
_ | gLl ai | Pk g
Horizon - Atinflaton P = 4 EXp| —<t| —af
. : a1 ‘. Wy, ;o a
Crossing : oscillations: : / L :

always present need m > H,

S, LT
\/ T -+ 41_1.,.H

time

Davide Racco (ETH - U. Ziirich)

(depends on preheating)

» Non-adiabaticity @,/ a)k2 : larger at
» Hubble crossing (model independent)

» heavy m > H, : after end of inflation
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EPOCHS OF GRAVITATIONAL PRODUCTION

['98 Chung, Kolb, Riotto; ‘99 Kofman, Linde, Starobinsky; ‘18 Chung, Kolb, Long; ‘19 Li,

a)k(t) k2 9 Nakama, Sou, Wang, Zhou; ‘21 Ling, Long; ‘23 Brandenberger, Kamali, Ramos; ...]
— I +— .
a(?) a(t)? 4 » Time-dependent w,(7):
. . p 9 ' {
[(in preparation, ‘24) DR, Verner, Xue] My (late times) ™ /3 |ﬂk‘ ‘Ok>(m) + ‘()k>(01l)
. N - $
. B b, = dt’1 Pk expl| —2i ﬂdt”
Horizon - Atinflaton k= P !
' crossing : oscillations: l / Wk i @
. NI W w
always present need m > H,

2

» Non-adiabaticity w,/#; : larger at

2

» Hubble crossing/(model independent)

» heavy m > Hj: after end of inflation

(depends on preheating)
. mi ~+ %I_UH - P> Phase CXP (l Ia)dt )
» e*N at early times

» heavy m > H,: rapid phase — saddle

time

appr. — n;, ~ exp(—zm/H;)

Davide Racco (ETH - U. Ziirich) Durham U. — DM beyond weak scale II



TARGETS FOR DARK MATTER FROM GRAVITATIONAL PRODUCTION 9

Gravitational production
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TARGETS FOR DARK MATTER FROM GRAVITATIONAL PRODUCTION 9

Gravitational production

neV ueV Y eV keV MeV  GeV TeV 106GeV 10°GeV 102Gev105Gev  MpM

\ | 1 | I ‘_ ’

Single Massive vector A’ Fermion y
Species
pg ['15 Graham, Mardon, Rajendran] ['99 Kuzmin, Tkachev]

['11 Chung, Everett, Yoo, Zhou]
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TARGETS FOR DARK MATTER FROM GRAVITATIONAL PRODUCTION 9

Gravitational production

neV ueV Y eV keV MeV  GeV TeV 106GeV 10°GeV 102Gev105Gev  MpM

Single Massive vector A’ Fermion v
Species
P | ['15 Graham, Mardon, Rajendran] ['99 Kuzmin, Tkachev]
['11 Chung, Everett, Yoo, Zhou]
['21 Arvanitaki, M A
" Dark Dimopoulos, Galanis, 3 fg‘g}) - A
DR, Simon, Th ar
Sector imon, Thompson] SANAN
y dark matter €p
A'grav. prod.

» Complexity and thermalisation in the dark sector change the Dark Matter target

Davide Racco (ETH - U. Zitrich) I Dusham U. — DM beyond weak scale I



DYNAMICS IN A DARK SECTOR ['21 Arvanitaki, Dimopoulos, Galanis, DR, Simon, Thompson] ]()

ke
e End of |
Gravitational Inflation Thermalisation Freeze-out
el

production of A*  ———P \
during inflation

et Y Dark Matter

m,, € [GeV, 10 TeV]
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DYNAMICS IN A DARK SECTOR ['21 Arvanitaki, Dimopoulos, Galanis, DR, Simon, Thompson] ]()

Thermalisation

m,, € [GeV, 10 TeV]

_ Initial _ Thermal

= & distribution = distribution . .

@ ' %ﬁ) Universality:

— —

Q 3 H.

Q o inf

S s Tpp ~ A3V

% Z M
Momentum

H . <10 GeV Momentum \/ — M, < 1010GeV

Davide Racco (ETH - beyond weak scale II



TOWARDS THERMALISATION ['21 Arvanitaki, Dimopoulos, Galanis, DR, Simon, Thompson] 1]

inflation dark electric fields thermal bath dark matter

NN

I hie®

A /
ravitational
g . T —
production Vi

pair creation
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['21 Arvanitaki, Dimopoulos, Galanis, DR, Simon, Thompson]

Dark matter mass m

Dark sector coupling ep,

Davide Racco (ETH - U. Ziirich) Durham U. — DM beyond weak scale II



fluctuations due

to inflationary

N
production x
7,
< &
K 7S
9w
B
Stan.dard adiabatic fluctuations OF
(Inherited from inflaton) 7
observed extrapolated % %
-1 p o1
107%V 10eV
1 10 < ©
ki ~ 10" km - ~ (0.3 mpc -
mA/ mA’
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TARGETS FOR MILLICHARGED PARTICLES 14

| coupling eF/’wF””j

DM direct

Production mechanism

“reeze-ms <

Davide Racco (ETH-U. Ziirich) ~ Durham U. — DM beyond weak scale II



Qcoupling eFl’wF””;J
2 % i
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e
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O

Dark matter mass m,,
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, : ! Uy
Qcouplmg ek, F /) <
" | >
.l O
A —
c:{:ﬁ CG
o WY o '-d
- el G o~ N . )
ey c% Target motivated by
O gravitational production
)
o0 ['21 Arvanitaki, Dimopoulos,
é Galanis, DR, Simon, Thompson]
Q.
-’
®
O

Dark matter mass m,,
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SEPARATE UNIVERSE APPROACH 17

» Choose spatial coordinates to reabsorb {;(X) on long scales:

perturbations {;

on large scales

ds? = — df* + a(t)’e’*Xdx?

Davide Racco (ETH - U. Ziirich) —m U. — DM beyond weak scale II



SEPARATE UNIVERSE APPROACH 17

» Choose spatial coordinates to reabsorb {;(X) on long scales:

perturbations {; homogeneous

ds? = — dt* + a(?)*e*™Mdx? X' = eMx

_urham U. — DM beyond weak scale 11
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SEPARATE UNIVERSE APPROACH 17

» Choose spatial coordinates to reabsorb {;(X) on long scales:

perturbations {; homogeneous
ds? = — dr* + a(t)zez‘:(")dx2 x' = ety
» Super-horizon fluctuations seeded » Compute any quantity in
by inflation: this frame:
T(x', 1) = Ty (e ™ r ( I(x, t))

_ Durham U. — DM beyond weak scale II
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SEPARATE UNIVERSE APPROACH 17

» Choose spatial coordinates to reabsorb {;(X) on long scales:

perturbations {; homogeneous
ds? = — dt* + a(t)?e*®dx? X' = e“™x
» Super-horizon fluctuations seeded » Compute any quantity in
by inflation: this frame:

T(x', 1) = Ty (e ™ F(T(x’, t))

_ Durham U. — DM beyond weak scale II

Davide Racco (ETH - U. Ziirich)



CURVATURE PERTURBATIONS 18

» Thermal bath:
£ (t,%) < ST(t,X)

» Adiabatic perturbations:
any fluid component
following these pert.

" Reheating

Davide Racco (ETH-U. Ziirich) ~ Durham U. — DM beyond weak scale II



CURVATURE PERTURBATIONS 18

Different source of {?

. Sp (2.
- {y=—w-H p.“((tt)x)
v Pa

CS)a,,B — B(Ca R Cﬁ)

» Isocurvature perturbations: a
fluid component with # curv.
pert.

» Thermal bath:
£ (t,%) < ST(t,X)

» Adiabatic perturbations:
any fluid component
following these pert.

" Reheating

Davide Racco (ETH-U. Ziirich) ~ Durham U. — DM beyond weak scale II



22 S '
CURVATURE PERTURBATIONS FOR FREEZE-IN DM ['2[2 DR,trreﬂf)} 19

» Freeze-in DM is never in thermal equilibrium

» It originates from SM though:

pDM(ta X) = —3H (pDM(ta X) o PDM(t’ X)) F(t, X)

must be inclded inp — ¢

2
I'= <TSMGannVrel> HSM

O 2£(3)?
Millicharge DM: T" = ( En&0) >TS5M(t, X)

24
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CURVATURE PERTURBATIONS FOR FREEZE-IN DM

['22 Strumia]
['22 DR, Riotto] 19

» Freeze-in DM is never in thermal equilibrium

» It originates from SM though:

pDM(t’ X) =—3H (pDM(ta X) Ll PDM(t’ X)) F(t, X)

must be inclded inp — ¢

2
I'= <TSMGannVrel> HSM

Qo 2£(3)?
Millicharge DM: T" = ( En&0) )TSSM(t, X)

24

Davide Racco (ETH - U. Ziirich)

SM

cm” €EM Q)(

['04 Weinberg]

SINGLE-CLOCK ARGUMENT

NB: regardless of thermalisation!

_rham U. — DM beyond weak scale 11



['22 DR, Riotto]

Time evolution for energy density:

Derive evolution equation for curvature perturbations on large scales
Freeze-in relevant around Ty, ~ m, 2 MeV, way before recombination (~eV), and then shuts off

Davide Racco (ETH - U. Ziirich) Durham U. — DM beyond weak scale 11



['22 DR, Riotto]

Time evolution for energy density:

Derive evolution equation for curvature perturbations on large scales
Freeze-in relevant around Ty, ~ m, 2 MeV, way before recombination (~eV), and then shuts off

Ppy =P DM(PDM) w P DM(TSM) DM pressure

QDM — QDM(PSM) M QDM(TSM) Energy transfer rate

Single-clock argument: Tq, only source of perturbations here

Davide Racco (ETH - U. Ziirich) Durham U. — DM beyond weak scale 11



FREEZE-IN DM: PERTURBATIONS (2) 1’22 DR, Riotto] 21

. - . . 3H? H
> — x
Gauge-invariant result Fong = ; 5P, o — p (6QinoM + C:el M)
DM DM
. 3H? H
C}/ — P oP intr,y ,0_ (5Qint1‘,}’ T 5Q1’61»?’)
4 4

Davide Racco (ETH-U. Ziirich) ~ Durham U. — DM beyond weak scale II



FREEZE-IN DM: PERTURBATIONS (2) 22 DR, Riotto] 21

. - . . 3H? H
> — x “
Gauge-invariant result Fong = ; ‘5Pinu~,DM'— p (6Qintr.oM + 9Qre1oM)
DM === DM
. 3H? H
C}, — p oP intr,y ,0_ (5Qintr,y T 5Qrel,;/)
y ™= 4

» Intrinsic non-adiabatic
pressure perturbation

» Vanish when Ppy,, is
only a function of pp\

Davide Racco (ETH - U. Zitrich) I Dusham U. — DM beyond weak scale I



FREEZE-IN DM: PERTURBATIONS (2) 22 DR, Riotto] 21

2
» Gauge-invariant result: . 3H7,
5 oM = — 1P pmi— <5Qintr,DM + 5Qre1,DM)
P DM S PDM
. 3H?%
C}, — — 1 . (5Qintr,y 1 5Qrel,y)
Py Py
P DM .
oP intr, DM — oP DM : 5PDM 5Qintr,DM — 5QDM Q.DM 5PDM
DM
0,
oP intr,y — oP y : 5Qintr,y — 5Q}’ i 5'0 Y
/4

» Intrinsic non-adiabatic *» Intrinsic non-adiabatic

pressure perturbation energy transfer
» Vanish when Py, is » If I' is only a function of
only a function of ppy, Ty it's & Spyy,

_urham U. — DM beyond weak scale 11
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FREEZE-IN DM: PERTURBATIONS (2) 1’22 DR Riotto] 21

2 |
» Gauge-invariant result: .37 H
5 Com = —16Pine.oml- —— (6Qinwr.om +H0CQ 1 pM
PDM e DM |
. 3H% H [ j
C}/ — ., g intr,y| . <5Qintr,y o 5Qrel,y
Y Y — Y y .
PDM QDM | ' _ QDMp 5p IDL\Y 5p . QDM .
OP; . pm = OPpv — ——0Ppm 0Qintr oM = 00pMm P OPpM | | 0Qrc1,pM = 2 o 5 )" 6Hp 0, S DM,y
Qy Qyp 5107/ 5,0 Qy
0 intr,y — 0 0 0Q ey = ) : = DM
Q tr,y Qy ), Py \ Ly 20 \ p, b 6H) DM,y
» Intrinsic non-adiabatic *» Intrinsic non-adiabatic » Non-adiabatic perturbed
pressure perturbation energy transter energy transter
» Vanish when Py, is » If I is only a function of » Itis & Spyy,
only a function o PDM TSM, it's «x & DMy
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FREEZE-IN DM: NO ISOCURVATURE ON LARGE SCALES '22 DR, Riotto] 22

> Flnal I eSUIt: ' = <TSM0annVrel> ”32M

» Isocurvature can be only sourced by itself, and only if I" # 0

» It is exactly zero on large scales, so it remains zero:

(X, T KL fpN) = 6(X, f K fp_\) SpmM X 1> 1p_N) =0

» Large gap of scales ( > 10°) between horizon and freeze-in and CMB scales

Davide Racco (ETH - U. Ziirich) I Durham U. — DM beyond weak scale II



['24 DR, Verner, Xue]

q‘b 20 15 10 5 0 ‘,]2() 15 10 5 0

-
Starobinskya_s — MD, my, = 0.942 Hy_so, my = 2 Hx—go Starobinsky,—1 — MD. my = 2.03 Hy=go, 1y = 2 Hx=en
1** improved WKB I hnproved WKB

A\\

W ST
M '
/ / /

Production
at Horizon
Crossing
during "
inﬂation Starobinsky,—s — MD, 1y = 0.942 Hy—g), m, = 2 Hv—g0

t 15" g0l

Starobinsky,—; — MD, my, = 2.03 Hy—g9, my, = 2 Hy—g0

r 4 A
N k (\tﬁnal )

e [Numerical solution y; —e— Nuwcrical solution yy,

. 5
—— Saddle approx. of WKB ' + — Saddle approx. of WK

Saddle approx. of WKRB, Hubble crossing 2 Saddle apprax. of WKHE, Huhble crossing

et TE TR ‘A, —
ey d idl( appw:\. of WKB, preheating ' 107°F .-.. Saddle approx. of WKB, preheating

= . 2mvity)

KE - A g ) ‘ ; . 10—7 i : sl : FEEEE T B S S W TV TT| AR TT] BT W T 171 M S e -' R
107 10% 102 10 109 10% 10°% 1 10=° 10°* 10~ 10~ 10~ 10= 107* 10° 10
ki ,’f Ko k // Fe nd

Davide Racco (ETH - U. Ziirich) Durham U. — DM beyond weak scale 11



We consider pure Stiickelberg mass: Proca theory, perfectly valid QFT

string tension tcday: ;..'(to)"2 [ GeV]

If assume Higgs mechanism,
string network produced if R :
MMy
V< H; = ~g>—
H

>
)
<
E
v
7]
o
E
c
@]
4
(@]
c
Q.
4
L
o
3

|

|

|

|

|

. |

-2 |
l -

|

|

|

|

10-25 '

| 1010 1c,11 1012 13 1314

scalar singlet mass: mp [GeV]

For dark QED, even assuming dark Hig%/s: U can be DM for e, > g, or A"is DM with
en 2 g (H, < 0(10)GeV, my ~ 0(1) GeV)

This constraint is milder in dark QED than pure A" we can afford much larger m,.

Davide Racco (ETH - U. Ziirich) Durham U. — DM beyond weak scale 11



VECTOR DARK MATTER — LONGITUDINAL Ai [‘15 Graham, Mardon, Rajendran] 25
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VECTOR DARK MATTER — LONGITUDINAL Ai [‘15 Graham, Mardon, Rajendran] 25

> Prexit ~ H ! the mode Ay, freezes

Super-
horizon

Comoving Scale

Inflation Radiation domination

log(a)
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VECTOR DARK MATTER — LONGITUDINAL Ai [‘15 Graham, Mardon, Rajendran] 25

> Prexit ~ H ! the mode Ay, freezes

. 2 472 —
» Super-horizon: p,. ~ m<A“ ~ a
Super- P Pk A

horizon

Comoving Scale

' Sub-

horizon

Inflation Radiation domination

log(a)
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VECTOR DARK MATTER — LONGITUDINAL Ai [‘15 Graham, Mardon, Rajendran] 25

> Prexit ~ H ! the mode Ay, freezes

: 2 4" )
» Super-horizon: p,. ~ m<,A“ ~ a
Super- P Pk A

horizon

4

» Hor. entry: oscillation, p, ~ a™

Comoving Scale

’ * Sub-

horizon

Inflation Radiation domination

log(a)
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VECTOR DARK MATTER — LONGITUDINAL Ai [‘15 Graham, Mardon, Rajendran] 25

H = 144/ ~ 4 /

e > Prexit ~ Hj, the mode A; ; freezes
m )
3 ' » Super-horizon: p, ~ myA* ~ a™*
= Super-
= horizon : : : —4
é » Hor. entry: oscillation, p, ~ a
O ° °
O » Time H = m,, : all modes oscillate

’ ” Sub-
horizon
Inflation Radiation domination

log(a)
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VECTOR DARK MATTER — LONGITUDINAL Ai [‘15 Graham, Mardon, Rajendran] 25

-1
ani . H=m, o H4 /
( ) =y > Prexit ~ Hj, the mode A; ; freezes
@ % )
3 » Super-horizon: p;, ~ mjA ‘~a?
5) Super-
= horizon : : _4
é » Hor. entry: oscillation, p, ~ a
O . .
O » Time H = m,, : all modes oscillate
/o Sub- » Mode non-relativistic p, ~ a™>
horizon
Inflation Radiation domination

log(a)
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VECTOR DARK MATTER — LONGITUDINAL A; 15 Graham, Mardon, Rajendran] 26

slow-rolling
non-relativistic

slow—rolling
relativistic

9
Pr o a-”

—
<
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o
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—
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o
—_—
-
-
-’

de Sitter

quantum fluctuations radidtion

prog a
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VECTOR DARK MATTER — LONGITUDINAL A; ['15 Graham, Mardon, Rajendran] 26

slow-rolling
non-relativistic

Pr a_2

slow—rolling
relativistic

—
<
~N

o
J2
20
—
r—

-
-
-,
o
—_—
-
2
-’

de Sitter :
quantum fluctuations /o radidtion

prog a

scale factor a

O My H; .
QoM 5-102eV \ 6-1013GeV
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VECTOR DARK MATTER — LONGITUDINAL A; ['15 Graham, Mardon, Rajendran] 26

— i p— — 10 1073 1
slow-rolling ‘ t@ A

non-relativistic

slow—rolling
relativistic

—
<
~N

o
J2
20
—
r—

-
-
-,
o
—_—
-
2
-’

de Sitter :
quantum fluctuations /o radidtion

prog a

scale factor a

O My H; .
QoM 5-102eV \ 6-1013GeV

Davide Racco (ETH - U. Ziirich)
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DARK MASSIVE QED: COSMOLOGICAL HISTORY 07

» A;  produced during inflation

—1
o |l
g0}
S~
- Super-
= horizon
>
@)
&
@)
@)
Sub- §
horizon
Inflation Radiation domination

log(a)
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DARK MASSIVE QED: COSMOLOGICAL HISTORY 7

» A;  produced during inflation

» Hor. crossing: strong electric fields

Al >

horizon Vo —-

'\'U

/N
%
-)/ \\ /
I
[S—

Comoving Scale

d

WY Prod. & N,

Sub- N,
horizon 1 |

Inflation Radiation domination

log(a)
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DARK MASSIVE QED: COSMOLOGICAL HISTORY D7

» A;  produced during inflation

» Hor. crossing: strong electric fields

A E_,

?
&
> i
.(« " “"
L fo
4 [ - ”“‘,-'
> ai _ g 8® -~ [
p >
Su per-
ARy
) Py
> 4
4

horizon

N\
&7 : \ /
|

[G—

» Y/'s partially screen the electric field

Comoving Scale

d

YYproa. - N,

Sub- \
horizon

Escreened N

Inflation Radiation domination

log(a)
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DARK MASSIVE QED: COSMOLOGICAL HISTORY D7

» A; . produced during inflation

» Hor. crossing: strong electric fields

A E_,

7
S u p e r 4 ) »;:""'7:"4/ \_“

horizon

,\
P
7T
;S
!

Comoving Scale

» Y/'s partially screen the electric field

» Dark sector thermalises

d

W prod. £ N

Sub-
horizon

E screened |
Thermalisation Ny

/
A\

log(a) »
w0, ]

Inflation Radiation domination
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DARK MASSIVE QED: COSMOLOGICAL HISTORY D7

» A;  produced during inflation

» Hor. crossing: strong electric fields

A E_,

)

,\
Vs,
-
1

horizon

» Y/'s partially screen the electric field

Comoving Scale

» Dark sector thermalises

d

YYproa. - N,

Sub-
horizon

E screened N,
Thermalisation Ny
y freeze out

Inflation Radiation domination

log(a) ¥ N,
L _ 4

» 's freeze out — Dark Matter
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CASE OF MASSIVE QED

: acoustic
: oscillations

—
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. p—
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o] §
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scale factor a
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FERMION PAIR PRODUCTION RATES 29

Schwinger rate Cascade rate

) |
\
\ \
S > | N\
e Z e __ _
1

T }[L Longitudinal suppression |4 —
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Maxwell eq. (wQ — k? — "mi/

—

Myl = —eply —

. Lorentz eq. |,

k/wy ke wp
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late universe i late universe

(matter-domination) (matter-domination) 4
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" keV

Dark photon constraints

intergalactic y bkg
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QCD AXION AS DARK MATTER 35

» Pre-inflationary scenario: depends on

Maxion — experimental target
Hmisalignment — astro/cosmo implications?
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QCD AXION AS DARK MATTER 35

. : = ’Tiust. : TeV
» Pre-inflationary scenario: depends on Y

Maxion — experimental target

emisa]ignment — astro/cosmo implications?

—
_—
N—

~ 1 = dense substructures

rr 40 A ... -1.°.:1

» Can be realised in a minimal model

>
X.
, O
-
=
Q
gp)
:?»CD
)
=,

> Ymisalignment

10"

1( 10° 10" 102
['20 Huang, Madden, DR, Reig] H. leV]

inflation
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QCD AXION AS DARK MATTER 35

’Tiusl R [T&‘\'}

» Pre-inflationary scenario: depends on

Maxion — experimental target

Qmisahgnment — astro/cosmo implications? E?
NS}
-
=
Q
.
> Onisalignment =~ % = dense substructures 10—
. . . . r7a4ae A .. _°s 1. °*° .1 i
» Can be realised in a minimal model
1( 10° 10" 10 102
['20 Huang, Madden, DR, Reig] Hinﬂation leV]

» Large H, = fluctuations in €, ;cjionment = €xcluded by isocurvature

nflation

L .,
» How general is this conclusion [((work in progress) Graham, DR]
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---- dilute soliton branch
—-—- gravothermal collapse
critical soliton mass

f,=1.0x 10 GeV
f,=1.5x 1010 GeV
f,=2.0x101°GeV
f,=1.0x 10 GeV

<

CDM

1077 —————————
10-1%° 10-18 10-17

Ms (Mo ]

Davide Racco (ETH - U. Ziirich)

FH density relative to pfy in Log;p8,

. . m
Axion mass in Log9—
eV

-2

-20

: M
Halo Mass in LogmNT
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MAXIMAL MISALIGNMENT IN A MINIMAL MODEL ['20 Huang, Madden, DR, Reig] 37

» Large initial misalignment: atfect QCD axion mass, and clump DM substructures

Colored fermion

a y — ——a
0 = Osy + —— + arg] Myyan | ydlqg 10~ 100Tev

faxion |
S~ »L Scalar: flip sign |——>k M, ionpM ~ MEV '
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['20 Huang, Madden, DR, Reig]

Large initial misalignment: atfect QCD axion mass, and clump DM substructures

Colored fermion

A
0 = HSM | | | arg[]wquarks] Yy ¢ qq S 10-100TeV

Scalar: flip sign m,....pm ~ meV

\. O‘ .-.- .
~D1;“"-10 L ) Only one min.
mtlation " -

(/ / inf <& -"\Q-’.'?.J)

Final vacuum

for 7y — 0.8 -
True
True [Lh. decay)
o Talse (A = 0.5)

e { 1\\'-\ 1.,'-(11il',lit-}"-

—
S—
-

|

During
reheating

(T > Auep)
L4 27 G )

After QCD

phase ]
transition : RN TN [N TR T T TN [N TN TR TN T S SO S

—.5 () (.5 1

dimensionless linear coefficient

dimensionless cubic coefficient

i Fla Dl Pl
P | ||

Y = = L
o

—
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ISOCURVATURE BOUND FOR THE QCD AXION

E,(Ge\/)
10° 10° 10° 10" 10" 10" 10" 10" 10"

Backreaction Equilibrium only if Eternal Inflation

Overproduction

Isocurvature Bound

Underproduction | Stochastic Window

Classical
Window

Supernova 1987A Bound .
103 10° 10° 1072

H; (GeV) ['18 Graham, Scherlis]
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