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© Introduction



Scenario: non-trivial evolution of ®pgo = ® in the early universe

o ("saxion”) S = |®|/\/2 obtains large field value S; during inflation
(StOChaStIC |nﬂat|0nary ﬂuctuatlons) [Starobinsky, Yokoyama, 94'] S€€ talk by O LEBEDEV

@ ® ~ homogeneous with large initial value
= ALP can contribute to both CDM and WDM

@ one can start with the usual Mexican hat PQ potential... :

2\? A
V(@)= o (10F - 3 ) =52 (2~ )’

... §;> f, = warm axions can be produced after onset of S oscillations
(parametric resonance) eg. [Harigaya, Ibe, Kawasaki, Yanagida, 151 Se€ talk by C. LIN
Ao < 107%°(DM isocurvature) = one should consider corrections to V()
e.g. non-renormalizable corrections explicitly breaking U(1)pg used as source of kinetic
misalignment mechanism e.g. [Co, Harigaya, 19'], [Co, Hall, Harigaya, 19'], [Co, Hall, Harigaya, Olive, Verner, 20']

@ In the talk we investigate other types of corrections...



© Corrections



Radiative potential (Coleman-Weinberg, CW)

o Gildener-Weinberg
Ao(p) =0
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scalars fermions

M2 = m? + Xog, [0, M2, = P[0

For simplicity we will assume:

yi=y, Aoy = A, m? =m? (m?/u? < e)



1. Geometric correction: relevant ~only during inflation(= de Sitter)
The radiative potential receives corrections from curvature dependent invariants

[Markkanen, Nurmi, Rajantie, Stopyra, 18], [Hardwick, Markkanen, Nurmi, 19']
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2. Thermal corrections, relevant at ~earlier post-inflationary stage
due to ¢; and/or 9 in thermal bath (thermalization, thermal corrections to V/(®))

the goal is to check influence of 1., 2. on axion contribution to CDM and WDM



© o evolution during inflation — geometric corrections



Interesting dependence of Vj,s(®) on
supersymmetric one
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We will assume H; 2 m = therefore geometric corrections imply enhancement of S;



Interesting dependence of Vi,s(®) on H,, if spectrum of particles is similar to
supersymmetric one

Ny = 4Ng, y2=(1-=9)\, §<1
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We will assume H; 2 m = therefore geometric corrections imply enhancement of S;
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Interesting dependence of Vj,s(®) on
supersymmetric one
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soon after inflation V(®) ~ "the dashed curve” (+AV7)



@ o evolution after inflation — thermal corrections



e We will assume ¢; and/or 1); are populated in thermal bath (unless too heavy):

o thermal effect crucial from the very beginning...

onset of oscillations (H ~ 3ms, ) due to thermal mass
e .. or only later

onset of oscillations due to zero-temperature mass

We will focus of the former case:

o full potential can be approximated by a quadratic one 12 7252

= (s)axion production due to parametric resonance very strongly suppressed
(@r/wi $1)
e resonant production of ¢; and/or 1; also ineffective

The picture:
@ at early stages S oscillates in ~quadratic potential, no resonant production

@ the oscillation amplitude redshifts...

The picture breaks down around T such that 82V, (S = 0)/052 ~ 0. ..



~ 3 N, ep?
T2 ~ s m?
~ 4q2 = In ( m?2 )
neﬁ‘(T)

when T approaches T, full potential develops global minimum at S # 0
=Further evolution of S determined by As(T)/fa:

numerical simulations necessary

@ scenario "A": A5(7~') >f, ...
e scenario "B": As(T) ~ £, ...
@ scenario "C": As(:lv') < fy:
e S oscillations decay very quickly due to tachyonic instability

warm (s)axions produced
[Felder, Garcia-Bellido, Greene, Kofman, Linde, Tkachev, 00'], [Felder, Kofman, Linde, 01']



© (Numerical) Results: influence of ~each correction on (warm) n,



| || A | ) | TTI//,t | 2 [G(‘\] | H[ [G(‘\] | new | new+a | new+r | nNew4+r+a |

P, 1007 ] 0.1 0.1 10° 1011 0.042 0.20 [[4.57-10° | 4.57-10°
P, | 1007 | 01 0.1 100 1013 34 195 4.33-10° | 3.18-10°
Py [ 1077 [ 0.1 0.1 10'2 103 56 223 |[4.28-10° | 3.04-10°
P, [1007] 0.1 | 0.1 101 10 41.6 206 43-10° | 3.1-10°
P [ 1007 ] 0.1 | 0.5 10 108 41.9 207 50-10° | 2.2-10°
Pg || 1077 [ 0.1 0.7 oM e 42.0 207 95 5.9
P- [ 1007 0.1 | 0.8 101 1013 42.0 207 0 0

Ps [ 10-7 ] 0.03 | 0.5 10T 105 84 6.9-102119-10° | 3.0-10°
Py || 1077 [ 0.01 | 0.5 oM e 1.6-102[2.0-10°J1.2-10° | 89-10°
Pw | 105 ] 0.01 | 0.5 101 10 9.0 120 490 47
Py || 1076 [ 0.001 | 0.5 10T 105 36 1.1-10° 370 940
P, 1077 ] 0.1 0.2 1010 102 1.3 6.5 8.4-10" | 83-10°
Pi; 1078 ] 0.1 0.2 10™ 10™2 23 120 2.6-10° | 2.5-10°
Py |107°] 0.1 0.2 1019 1012 42-102121-10° [ 79-10° | 5.8-10°

ncw S ncw+a¢ - ncw+G/nCW ~ 0(5) for 6 = 0.1 and ncw+G/nCW ~ 0(30) for § =
0.001



| H A ‘ 0 | ’ITZ/[L ‘ 1% [G(‘,\/v] | H] [G(‘\v] || new | new+a noew+r NowW+T+G
P, 1007 ] 0.1 0.1 10° 101 0.042 0.20 |l 4.57-10° | 4.57-10°
P, [ 1007 | 0.1 0.1 1010 103 34 195 |[4.33-10° | 3.18-10°
Ps; || 1077 ] 0.1 0.1 102 103 56 223 [ 4.28-10° | 3.04-10°
P, 1007 ] 0.1 | 0.1 101 101 41.6 206 43-10° | 3.1-10°
P 1007 ] 01 | 0.5 1017 1053 41.9 207 5.0-10° | 2.2-10°
Ps | 1077 [ 0.1 0.7 101 10" 42.0 207 95 5.9
P. 1007 ] 0.1 | 0.8 10M 1053 42.0 207 0 0
Ps [ 1007 ] 0.03 | 0.5 10 0™ 84 6.9-102] 1.9-10° | 3.0-10°
Py || 107 ] 0.01 | 0.5 101 10" 1.6-10212.0-10°] 1.2-10° | 8.9-10°
Py || 1076 ] 0.01 | 0.5 101 101 9.0 120 490 47
P, || 107 [ 0.001 | 0.5 101 1013 36 1.1-10% 370 010
Pol[1077] 0.1 0.2 10'° 1012 1.3 6.5 8.4-10" | 8310
Py; 1078 ] 0.1 0.2 100 10™2 23 120 2.6-10° | 2.5-10°
Py |107%] 0.1 0.2 101 1022 42102 [21-10°] 7.9-10° | 5.8-10°

P1:6,10,12-14— scenario C2, ncw+1, Ncw+T+6 > Ncw




‘ || A ) NZ//I M [G(‘\'l | H[ [GC\"] H nNew ‘ new4a noew+r NCwW4+T+G
P, [ 1007 ] 0.1 0.1 10° 10! 0.042 0.20 |[ 4.57-10° ] 4.57-10°
P, | 1007 | 0.1 0.1 10%° 1013 34 195 4.33-10° | 3.18-10°
Py [ 1077 [ 0.1 0.1 10™2 10 56 223 428-10° | 3.04-10°
P, [[1007] 0.1 | 0.1 101 10 41.6 206 43-10° | 3.1-10°
P [[1007] 01 | 0.5 10H™ 105 41.9 207 5.0-10° | 2.2-10°
Pg || 1077 [ 0.1 0.7 10" 10" 42.0 207 95 5.9
P- || 1007 | 0.1 0.8 10 1013 42.0 207
Ps [ 1007 ] 0.03 | 0.5 107 10™ 841 6.9-102] 1.9-10° | 3.0-10°
Py || 1077 | 0.01 | 0.5 10" 10" 1.6-102]2.0-10°] 1.2-10° | 8.9-10°
Py |l 1076 ] 0.01 | 0.5 101 10 9.0 120 490 47
Py; || 107 [ 0.001 | 0.5 10 1013 36 1.1-10° 370 040
P 1077 ] 0.1 0.2 1010 10" 1.3 6.5 8.4-10" | 83-10°
Pi; || 1078 ] 0.1 0.2 10% 102 23 120 2.6-10° | 2.5-10°
Pul[107°] 0.1 0.2 10% 102 42-102]21-10°] 7.9-10° | 5.8-10°

P1:6,10,12-14— scenario C2, strong dependence of ncw+ 7, ncw1+6 on m/p




e C2: barrier between global minimum and S = 0 (for some temperatures)
the global minimum of the full potential has a non-negligible depth at phase
transition

e non-negligible number of particles may be produced




|| A | ) ‘ m/ | 1 |GeV| I H;|GeV| H new ‘ new+a | new T I NEW AT+G ‘
P, 1007 ] 0.1 0.1 10° 10! 0.042 0.20 [4.57-10°] 4.57-10°
P, [ 1007 ] 0.1 0.1 1010 1073 34 195 [4.33-10° | 3.18-10°
Ps | 1077 [ 0.1 0.1 10™2 10 56 223 4.28-10° | 3.04-10°
P, 1007 ] 0.1 [ 0.1 101 107 41.6 206 43-10° | 3.1-10°
P; [ 1007 ] 01 | 0.5 107 10™ 41.9 207 5.0-10° | 2.2-10°
Ps [[ 1007 ] 0.1 | 0.7 [ 10" 107 42.0 207 95 5.9
P- [10-7] 01 || 0.8 | 10" 10 12.0 207 o | o |
Ps [ 1007 ] 0.03 | 0.5 107 10™ 84 6.9-102] 1.9-10° | 3.0-10°
Py | 1077 ] 0.01 | 0.5 10" e 1.6-102]2.0-10°] 1.2-10° | 8.9-10°
Py | 10761 0.01 | 0.5 101 107 9.0 120 490 47
Py || 107% [ 0.001 | 0.5 107 10™ 36 1.1-10° 370 940
P 1077 ] 0.1 0.2 10™ 107 1.3 6.5 8.4-10" | 83-10*
Py 1078 ] 0.1 0.2 10™ 102 23 120 2.6-10° | 2.5-10°
Py [[107°] 0.1 0.2 101 10™2 42-102[21-10°] 7.9-10° | 5.8-10°

y NCW+T, New+T+6 =0



°
full potential changes with temperature and it is very shallow at T ~ T
e the amount of warm axions very small




@ Summary/Conclusions



@ Non-trivial evolution of ®pg = very rich and interesting WDM phenomenology
(very small self-coupling)

e =-Significant role is played by various corrections: radiative&&geometric, thermal
@ If H, is not too small, Vi,r develops a new deep minimum at large ¢
(i) DM isocurvature relaxed (ii) very long inflation might not be needed
especially interesting are models in which ¢;,7); have a quasi-susy spectrum
@ Post-inflationary evolution of ® may be quite complicated
Thermal corrections =
(i) the resonant production (s)axions strongly suppressed...
(ii) ...later produced due to the tachyonic instability
(iii) n, orders of magnitude smaller or bigger than w/o thermal corrections
(iv) no extra ingredients... necessary for thermalization (of saxion remnants)

CDM: oscillating S carries the initial PQ phase 6;...
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the black/red solid lines, the S oscillations start due to
the thermal mass



Some examples — lines of constant As(T)/Smin0
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= scenario B typically only when both H; and m/u are ~maximal allowed
= scenario C typically when either H; or m/p is smaller



| H A ‘ 1) | ’IH//L ‘ )2 [G(‘V] | H[ [G(‘V] || now | new+a ‘ noew4+r | Now +rT+aG |

P, 107 ] 0.1 0.1 10° 10T 0.042 0.20 [4.57-10°] 4.57-10°
P, | 1077 [ 0.1 0.1 1010 103 34 195 [4.33-10° | 3.18-10°
Py | 1077 ] 0.1 0.1 102 10 56 223 [4.28-10° | 3.04-10°
P, 1007 01 ] 0.1 10M 10 41.6 206 43-10° | 3.1-10°
P; | 1007 ] 01 | 0.5 10 101 41.9 207 5.0-10° | 2.2-103
Ps | 1077 ] 0.1 0.7 10™ 10 42.0 207 95 5.9
P- [[ 1007 ] 0.1 | 0.8 101 101 42.0 207 0 0
Ps | 1077 | 0.03 ] 0.5 10 101 84 6.9-102] 1.9-10° | 3.0-10°
Py 11077 ] 0.01 | 05 10™ 10 1.6-10212.0-10°] 1.2-10° | 8.9-10°
Py || 107 ] 0.01 | 0.5 10M 10 9.0 120 490 47
Py | 10°° [0.001] 0.5 10 101 36 1.1-10° 370 940 |
Py 1077 ] 0.1 0.2 100 10" 1.3 6.5 8.4-10* | 8310
Py; 1078 ] 0.1 0.2 10 10™2 23 120 26-10° | 2.5-10°
Py 107 0.1 0.2 10™ 1012 4.2-102[2.1-10°] 7.9-10° | 5.8-10°

Pg, Pg, P11— scenario B, ncw41, new+1+6 > ncw



’ ” A | 1) ‘ 771,//L | " [G(‘\v] I H] [G(‘\v] H new ‘ new+a | new+r I Noew4+r+aG ‘
P, 1007 ] 0.1 0.1 10° 10! 0.042 0.20 [4.57-10°] 4.57-10°
P, [ 1007 ] 0.1 0.1 1010 1073 34 195 [4.33-10° | 3.18-10°
Ps | 1077 [ 0.1 0.1 10™2 10 56 223 428-10° | 3.04-10°
P, 1007 ] 0.1 [ 0.1 101 107 41.6 206 43-10° | 3.1-10°
P; [ 1007 ] 01 | 0.5 107 10™ 41.9 207 5.0-10° | 2.2-10°
Ps || 1077 [ 0.1 0.7 10" 107 42.0 207 95 5.9
P- 1007 ] 01 | 0.8 10M™ 10™ 42.0 207 0 0
Ps [ 1077 [ 0.03 | 0.5 107 10™ 84 6.9-102] 1.9-10° | 3.0-10°
Py 1077 ] 0.01 | 05 10" 107 1.6-102]2.0-10°) 1.2-10° | 8.9-10°
Py || 107¢ ] 0.01 | 0.5 101 107 9.0 120 490 47
Py | 10°° [0.001] 0.5 107 10™ 36 1.1-10° 370 940
P 1077 ] 0.1 0.2 10™ 107 1.3 6.5 8.4-10" | 83-10
Py 1078 ] 0.1 0.2 10™ 102 23 120 2.6-10° | 2.5-10°
Py [[107°] 0.1 0.2 101 10™2 42-102[21-10°] 7.9-10° | 5.8-10°

Pg, Po, P11— scenario B, geometric correction increase n: ncw+t < New+T+6



’ ” A | 1) ‘ TTZ/,U, | M [G(‘\v] I H[ [G(‘\v] H new ‘ noew+a nNow+T New +7T4+G
P, [ 107 ] 0.1 0.1 10° 10! 0.042 0.20 |[ 4.57-10° | 4.57-10°
P, || 1007 | 0.1 0.1 1010 1013 34 195 4.33-10° | 3.18-10°
Py [ 1077 [ 0.1 0.1 10'2 103 56 223 428-10° | 3.04-10°
P, 1007 ] 0.1 | 0.1 101 10" 41.6 206 43-10° | 3.1-10°
P; [[1007] 01 | 0.5 10 105 41.9 207 5.0-10° | 2.2-10°
P [ 1077 ] 0.1 | 0.7 10" 107 42.0 207 95 5.9
P-[[1007] 01 | 0.8 10M 10™3 42.0 207 0 0
Ps [ 1007 ] 0.03 | 0.5 0™ 10™ 84 6.9-102] 1.9-10° | 3.0-10°
Py || 1077 | 0.01 | 0.5 10" 107 1.6-102]20-103[ 1.2-10° | 8.9-10%
Py || 107 ] 0.01 | 0.5 101 10" 9.0 120 490 47
P, || 107¢ [ 0.001 | 0.5 101 1013 36 1.1-103 370 040
P l[1077] 0.1 0.2 1010 102 1.3 6.5 8.4-10" | 8310
Py 1078 ] 0.1 0.2 10™ 10™2 23 120 2.6-10° | 2.5-10°
Py 1072 ] 0.1 0.2 10™ 102 42-102[21-10°] 79-10° | 5.8-10°

P1:6,10,12-14— scenario C2, geometric correction decreases n: Nncw+7 2 NCW+T+G




@ thermal corrections neglected — (s)axions produced by parametric resonance:

° Ncw+6 2 New

new o 5BANTIAHPT3 ey o sTIATIAHYP TS

dependence on m,u very weak
@ thermal corrections accounted —(s)axions produced by tachyonic instability:
scenario C more natural than B and especially A
C— C1(no barrier), C2(barrier for some T)
ncw+1, New+T+6 ~0

o
o
o
e scenario C2: new+t, New+T+6 > New

2
—12 (M 3
new+T, New+T+6 X A~ </J> T

dependence on ¢, u and H; much weaker, ncwit16 S newat

@ dedicated numerical computations for C1 — C2 transition region, scenario B ...



scenario D: early thermalization : Ty, > T

@ interactions with thermal plasma — modification to EOM:

. . Vg
S+ (BH+Tw) S =0
+BH+Tw) S+ —¢
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early thermalization if:

”j In (e;ﬂ) < 15t (T) o2 )\2/\/’;29/
2

oy = as ~ 0.1 = RHS bigger than 1, if © < X - 1017 GeV
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Figure: The ratio of densities of warm axions produced via a parametric resonance with (ncy )
and without (nyee) radiative corrections taken into account as a function of m?/u?. The

relevant parameters are fixed as: 6 = 0.1 (left panel) and § = 0.01 (right panel); H; /i =5 (red
curves) and H;/p = 10% (black curves). The solid (dashed) lines correspond to situation when

the axions are produced after (before) the end of the reheating process.



@ We will focus on

o CW with only geometric corrections (CW + G)
o CW with only thermal corrections (CW + T)
e CW with both geometric and thermal corrections (CW + T + G)

new, Ncw -+, Ncws T and new s 74c are rescaled to a common T (in units T3)

NCw VS Niree: N /Niree S 1 depending on m/p, 6 and H;/u

@ Two different approximations:

1 Vew

ncw, Ncw+G6 ~ 5
2 ms

(parametric resonance)

S=S;

1 AViot

Ncw+T, NICW+T+G ™~ 5
2 mgs

(tachyonic instability)

T~T

AV, =(available potential energy), ms =(mass at the global minimum)



@ Cold axions produced via the conventional misalignment mechanism

@ n, cold often determined by stochastic processes during inflation...
...despite Vg,(®) is in the unbroken phase for some time

saxion keeps oscillating and carries the initial PQ phase 6;

@ in the end one should compare

Pa,warm + Pa, cold <+ PDM, observed

= extra flexibility:

if pa, warm too small (or vanishing...), often possible to complement with p, cod
(choice of 6;)



Number densities (n.d.) of ALP WDM n; (in units T°):
O radiative corrections: ncw VS Niree: New/Niree S 1
(depending on m/p, 6 and H;/p)

o ncw =(n.d. of warm ALP for "pure” CW potential)
o Nyee =(n.d. of warm ALP for the corresponding Mexican hat potential)

@ We will take ncwy as the reference and compare it with:

e new+c =(CW with only geometric corrections)
o ncw+1 =(CW with only thermal corrections)
o ncw+1+6 =(CW with both geometric and thermal corrections)

ncw, Ncw+G, Ncw+T1 and ncw+ 74 are rescaled to a common T
@ We use the full thermal potential

o3[ £ () 5. (%)

bosons fermions

Ji(y) = :l:/ooo x%In [1 Fexp (_\/W)] dx



Number densities (n.d.) of ALP WDM n;:
@ radiative corrections: ncyw VS Niree: N /Niree S 1
(depending on m/pu, 6 and H, /)
o ncw =(n.d. of warm ALP for "pure” Gildener-Weinberg potential)
o Nyee =(n.d. of warm ALP for the corresponding Mexican hat potential)
@ We will take ncw as the reference and compare it with:

o ncw+c =(CW with only geometric corrections)
o ncw+1 =(CW with only thermal corrections)
o new+T1+6 =(CW with both geometric and thermal corrections)

new, Ncw -+, ncw T and new s 74c are rescaled to a common T (and in units T3)
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