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Dark Matter Production Mechanism

- Thermal prodw:&wm

- Nown-thermal Frodm:&iom
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Dark Makbter é@umdamae{

Observed dark makter abundance:
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Full Ehermal equitibrmw\ abundance:

= ied ~ 0.3i
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Nown-thermal Frodm:ﬁon is needed whewn:

mpmvm < 0(100 GV)
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Dark Matter Production Mechanism

- Thermal prodm:&wm
- Freeze-oul, freeze-in, ...
J. McDonald 1991 L. Hall, K. Jedamzilk, J. March-Russell, S. West 2009
- Nown-thermal Froduc&ovx
= Misalighment mechanism
Preskill, Wise, Wilczek 19%3, Abbott, Sikivie 19¥3, Dine, Fischler 19%3

* Phase transition: topological defects
R. L. Davis 1956
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Experimental Searches of Bosonic Dark Matter

QCD Axion "Dm’ks ‘Pho&ovx
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A. A, Greraci el al. 1401 3253

DM radio 10-12 - 0,003 eV
Orpheu,s 105 -~ 103 eV . Rybka et al. 14033121
S. Chaudhuri et al. 1411.73%2
M. Silva—Feaver el al.
MA"DMA)( 10-5 -~ 104 QV’ A. Caldwell ek al. 1611.05%68 1{;1;.;‘)344 M
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Dark Matter Production Mechanism

- Thermal prodm:&wm
- Freeze-oul, freeze-in, ...
J. McDonald 1991 L. Hall, K. Jedamzilk, J. March-Russell, S. West 2009
- Nown-thermal Froduc&ovx
Misalighment mechanism
Preskill, Wise, Wilczek 19%3, Abbott, Sikivie 19¥3, Dine, Fischler 19%3

Phase transition: topological defects
R. L. Davis 19%¥6, A, Long, L.T. Wang 2019

Inflationary gquantum fluctuations
P. Graham, J. Mardon, S. Rajendran 2016

Anything else?
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Dark Matter Production Mechanism

- Thermal Prodm‘:&wn
- Freeze-oul, freeze-in, ...
3. McDonald 1991 L. Hall, K. Jedamzil, I. March-Russell, S. Westk 2009
- Nown-thermal Prodw:&i,ovx
Misalighment mechanism

Preskill, Wise, Wilczel 19%3, Abbotbt, Sikivie 19%3, Dine, Fischler 19%3

Phase transition: topological defects
R. L. Davis 19%¥6, A, Long, L.T. Wang 2019

Inflationary gquantum fluctuations
P. Graham, J. Mardon, S. Rajendran 2016

Anything else?
- Parametbric resonance  RC L Hall, K. Harigaya 2017

- T&ijOMiC EMsEabiLiEv RC, A, Pierce, Z. Zhang, Y. Zhao 201%
P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi, £, Takahashi 201%

3. A, Dror, K. Harigaya and V. Narayan, 201%
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Dark Makter ?raduﬁion Mechanism

- Thermal Froduc&on

- Freeze-oul, freeze-in, ...
J. McDonald 1991 L. Hall, K. Jedamzik, J. March-Russell, S. West 2009

- Nown-thermal Froduc&iovx
* Misaligihment mechanism

«? Preskill, Wise, Wilczelk 19%3, Abbolt, Sikivie 19¥3, Dine, Fischler 19%3
+ Phase transition: topological defects ?. Graham et al. 201%
‘ / . Takahashi et al. 201%
This Falke R. L. Davis 19%6, A, Long, L.T. Wang 2019

RC, E£. Gonzalez, K. Harigaya 201%

P. Graham, J. Mardon, S. Rajendran 2016

\ * Inflationary quantum fluctuations
=

= Anything else?
- Parametbric resonance  RG L. Hall, K. Harigaya 2017

= Taﬁkjamw imsE&biLiEv RC, A. Pierce, Z. Zhang, Y. Zhao 201¥
, , P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi, £, Takahashi 201%

3. A. Dror, K. Harigaya and V. Narayan, 201%

R. Co Michi M. Bastero-Gril, 3. Santiago, L. Ubaldi and R. VegaMorales 201%
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New Producktion Mechanisms

= Misaligihment Mechanism

- QCD axions:  misaligument driven to the h&i&ay/ba&&om

: Expomem&at Particle Production

- QCD axions: parame&ri;t resonance

- Dark photons: tachyonic ms&abe,u,&:,
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AxLons
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a a confinement B
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Misalighment Mechanism
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Misalighment Mechawnism: Scalars

(87 +3HO + m3) ¢ =0

Early time Late time
39
H > my ¢ = constant me > H QX a 2
Hubble friction dominates Field value is “stuck” Oscillations begin Field value redshifts

qu F— ming ,0¢ — constant p¢ — ming Pp X a_g

Energy density s also “stuck” Enerqgy density scales Llilkke matter

Except for long inflation:

P. Graham et al, 1708 07362

~. Takahashi et al, 1¥08 0% 763 Preskill, Wise, Wilczelk 19%3
Abbott, Sikivie 19%3

R. Co Michigan Dine, Fischler 19¥%3



Misalighment Mechanism: Axions

m, << H T »> Agep

L % in the T

aarl.v universe
N

w®
> aad \ confinem et g
O

vacuum Fw&@.m& tal
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Axion Misalighment Mechanism

f 1.184 3
Q. h? =~ 0.11 ( g ) FO?

5 x 1011 GeV :

P
my (eV) 0;

102 103 104 10° 10 107 108 109 1010 4o M

requires _ requ,i,re._s
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Dvmamwai Axion Misalignment Production

T AN
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| "Dimamiaai, Axion Misalignment ‘Prc:;dua&mf\ |
M, & Afgcp (DAMP) - %

rQ

confinement &

/ \ raised in the T ¥

aomtj universe

® g
\ confinement B
G. Dvali 1998 ‘

T. Banlks and M. Dine 1997 Gi driven ko zero vacuum Fw%@mﬁ&t
K. Chot, H. B, Kim, I £. Kim 1997

Large £, is predicted !

R. Co Michigan arXiv:1¥12.111%6, 1¥12.11192 RC, £. Gownzalez, K, Harigo\ja



Large Agep i the early Universe

m, & AzQCTD

AQC"D X (Hf,ggs vev)z/ 3 S‘)

U rQ

confinement ¥

as T ur

confinement B

1 10* RN 11 g T
renormalization scale (GeV)

R. Co Michigan arXiv:1¥12.111%6, 1¥12.11192 RC, £. Gronzalez, K, Harigaya



Large Higgs vev in Hﬁ ear&i Umwe;rse.

M, < Afgep
Ngep X (Higgs vev)?/3 N
Higqgs couplings with the inflaton g
a3 ‘ﬁ; (rHuP + |Haf? + (HuHy +c.c.) = !Huﬂfﬁ b \ijuf K 1%4) confinement

i

AV = cHj <—’Hu’2 — |Hal* = (Hu,Hq + c.c.) M?2 M2 M2

X

The Hubble induced mass induces a negative mass,
driving Higqgs to a large field value.

R. Co RC, E. Gonzalez, K. Harigaya



Dynamical Axion Misalignment Production

o (DAMP)

AQC"D X (Hf,ggs vev)z/ 3 S‘) |
P&
\ confinement
/ raised in the T i
T am'l.v universe A5
Kxx* confinement ?
GL driven ko zero VACUUM po&em%m{,

Large £, is predicted !

R. Co Michigan arXiv:1¥12.111%6, 1¥12.11192 RC, £. Gronzalez, K, Harigaya



Phase Shift of the Axion Potential f ey
(ﬁAM'P) E %

Oegf = & + Bgep + arg( det(mmy) ) & 7 shifted

-
Ly
V = =Bu HHy + cH?; HHy  ~—— sigh fLLFFedT

rQ
confinement

/ \ raised in the T ¥

am'l.v universe

confinement B

G

0; driven to hE,LLEoF,s! T vacuum potential

Swall £, is Frec(f:d’ed !

R. Co Michigan arXiv:1¥12.111%6, 1¥12.11192 RC, £. Gronzalez, K, Harigaya



- Dynamical Axion Misalignment ?radwz“:&on |

CPV i SM = 0(10718)
yd
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RC, E. Gonzalez, K, Harigaya
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Expomemﬁmt Produckion

Paramebric Resonance
Tachyonic Ims&&bdi&v

3. H. Traschen and R, H. Brandenberger 1990
L. Kofman, A, D. Linde and A, A, Starobinsky 1994, 1997



?arame%m& Qesonamae

?&d&gog Lcal ex&mgte’

Quartic Po&ev&mt.

(Non-expanding Universe)

PHYSICAL REVIEW LETTERS

saxion “axion”
o 2 4 Ea S _|_ ZX Highlights ~ Recent  Accepted  Collections  Authors  Referees
V=t P .
A\ 5
2 2
i A

Equation of motions:

X—Vx+V"(x) x=0

V(o) = X257 = X cos? (M)
S ~ Sg cos(ASpt)

RC, L. Hall, and K. Harigaya



Paramebric Resonance

1258 R = ] o
—X+(<—> —I——)X—I——COS(QZ)X:O

dz? ASo 2 2 e
M Fourier transform:
Bk
T X(@.0) = [ e )
Oscillation frequency Change of variables:
of the field z = ASopt
i absence of Oscillation

the d‘l‘f,\/ﬂf\s ‘fOT’ﬂQ %raquc{iv\tv (}§ the

driving force

Resonance occurs for some specific frequencies.

R. Co Michigan arXiv:1711.104%6 RC, L. Hall, and K, Harigaya



Paramebric Resonance

No Enhancemenkt Paramekbric Resonance

RC, L. Hall, and K. Harigaya



N,=100

SN
or
DR

1014 &
1073 1072

Axion too warm

101

underabundant
too warm

thermalized

RC, L. Hall, and K. Harigaya



Darke Photown Dark Ma&&é{

* An abelion gauge symmetry U(1), in the dark sector

Loys = — 3 Flu F¥ Sy A, A
- Dark phw&mm WAQSS
* Higgs mechanism
« Stuckelberq mechanism
- Inkeractions wikth the Standard Model
« Kinetic mixing with the pho&ovxs

1 sl g g1
Llitpemiry vt = o B — o E R o S it
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Misalignment Mechanism: Vectors

3k? + a?m? k2
2 Al >4
<8t k2 + a?m?, - + az " mA/) I

Eo\rtv Eine

k 2 /
H > ma > — (07 + Hoy) A" =0 A’ = constant
Hubble friction dominates Field value is “stuck”
2 ! Al v Al Al =2 A,
par =myu A A g AL A, xa pAr X a
Energy density Non-trivial mass term scales differently

A. Nelson and 2, Scholkz arXiv:i1i1082%12

P. Aria et al. arXiv:1201,.8902
R. Co Michigan P. Graham, I Mardon, S. Rajendran arXiv:16§04 02102



Tachyonic Ins %abit&i

A/
Yp
?_ = cdark =

A/

ap ¢ )0 F’/'W FR TN A5 =0,A
v ~ LV
87T f_D lu F/:u > Gaﬁ’LWF/aB/Q
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. . .
Taakiahw Ins %abdn%j
Carroll and F‘i.et& 1991 + Grarrebson 1992, Raf;ra 1%2 | » =>ar, 7 oY | e
Felder, Garc’ia-Bellido, Greene, Kofman, Linde, Tkachev 2001

__&p ¢ =Y 14
Edark = o fD F,ul/F &(t) =~ b; Cos(m¢t) (ai/a)B/Q
821@1 2 2 apka 00\ =
/ / A/ -
o (mA tE T ot 8?7) o

IAF mig = (mi, ey F my ap¢

2;}}3 ka COS(%t)) <0  then the solution of A is exponential.
“tachyonic” = “mi g < ©7
“instability” = “exponential/unstable solution”
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Tachyonic I&s%abitiéi -

No Enhancement

Paramebric Resonance Tachyonic Ins Eabiii&v

V(A)
A

RC, A, Plerce, 4, Zhang, V. Zhao



Darle Phobown Dark Maf&%@.‘r

Malter Dominakion Radiakion Dominakion

7

A'overproduced from -
inflationary fluctuations

10“;

109;
108;
107;
106;
105;
104;
103;
102;
10k

4 requires my,; <10 TeV

No allowed fg { requires my, <1TeV

107"¢
1072 No allowed Ty, & f3

10810710°10°10%10%10210"" 1 10 10% 10% 10* 10° 10° 107 108 10° 10810710%10°10*10310210"* 1 10 102 10% 10* 10° 10° 107 10® 10°
my (eV) my (eV)

R. Co Michigan arXiv:1¥10,07196 RC, A, Pierce, Z. Zhawng, 7. Zhao
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£ % fonehﬁ tal ?jadu&& Lon

» Candidates
- AxiLons:

- Darle Fko&oms:

: ?roper&es

- Momwenbum:

- Production:

pamme&ri@: resonaince

tachyonic E,ms&a\bui&j

of order the parent particle mass

when the pm‘eh& [mr&iate oscillates



Cownclusions

= — —————— . —

v Axion’s inikial misalighment can be djuamicauj driven ko Ehe
hillkop or the bottom of the potential.

v prediction rather than fine-tuning.

v Exponem&m Froduc&ian mechanisms open up expiorec& F»arame?:er

space of axions and dark photons.

v Possible signatures:

v dark matter searches

v dark matter structure formation

v warm dark matter

v gravitational waves from the non-linear effects

R. Co Michigan



