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Motivation

To discuss some unsolved problems in

Cosmology and Particle Physics, namely
* Dark Matter

* Baryon Asymmetry

* Small Neutrino Mass

» Strong CP problem
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Axion misalignment with memory-burdened PBH

Adresses:

» Strong CP problem

 Dark Matter

® Dark Matter @ Visible matter
Dark Energy

Dark Matter:
* Dark matter: It is non-luminous, may have
weak interaction with standard model
particles and shows observable gravitational

effects.

* We do not yet know the nature of DM

3 Planck Data, arXiv:1807.06209v4


https://arxiv.org/abs/1807.06209v4

Strong CP Problem
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Source of CP Violation: ¢ 3‘;5 -GGl 0= 0+ Arg(De(Y,Yp))
T

Upper bound from Neutron Electric Dipole Moment: ;1 @ < [()71V  e—— Very Small

This fine-tuning problem is called The Strong CP problem. !

Here, two completely unrelated parameters @ and Arg(Det(Y;;Yp,)) nearly cancel each other, which is
unexpected.

[2] laydjiev, P.; Ivanov (2006) - arXiv:hep-ex/0602020 ; . .
arXiv:2001.11966 4 [1] Peccei, R.D.; Quinn, H.R. (1977)



https://en.wikipedia.org/wiki/Roberto_Peccei
https://en.wikipedia.org/wiki/Helen_Quinn
https://arxiv.org/abs/hep-ex/0602020

Solution To Strong CP Problem

Peccei Quinn Mechanism

* SM + Complex Scalar: ¢ = ye' ¥

» Additional Symmetry: U(l)p, = V() =1 (W‘z

. PQLagrangian: Zp, = — (0,0)(0"¢*) — V() + (™ + h.c)

} opposite PQ charges

Therefore will transform

Field PQ Charge
Y1 -Q/2
YR +Q/2

@ +Q

differently
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F. Wilczek (1978)
Weinberg (1978)

2
2
Ja
2 Here, v is a

coloured fermion

Transformation of Fields:
W — eiys(Q/z)(a/fa‘Fﬂ)l/j and ¢ — eiQ (alf,+p) ¢

Consequence:
g a - g5 -
L, 2 == —=G""G, + == pG" G,
3272 f, 4 3272 3



Solution To Strong CP Problem

Peccei Quinn Mechanism

Choose f such that it cancels 0 term in the lagrangian.

2
Only term left: &£, D °s 4
3272 f,

* Energy is minimized for <a> =

aur a
GGy,

O (3] —> Strong CP Problem is Solved.

SSB and Axion

r>>f, = <¢>=0

Universe expands

T

T<f = <¢>=f/2

(SSB of U(l)py — Goldstone Boson, AXION)

[3]Vafa, Cumrun; Witten, Edward (1984).
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Axion Misalignment

Evolution equation of Axions:
0+3HDO+mA00=0 w2 mmwm (") o o1,

a
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Vacuum Misalignment Kinetic Misalignment

L . (Raymond T. Co, Lawrence ]. Hall, Keisuke Harigaya 2019)
9. O Misalignment Mechanism
° . = : '

* 0, = Constant

; * . = Changing
o l
Kinetic Misalignment Mechanism T l

3H( OSC) ~ m( osc) /\ /\ T = Tosc . KE >V
e l’l‘l

= 2m2)[1 — cos(alf,)]
; T < T

osc’

K+VxV

(Raymond T. Co, Lawrence J. Hall, Keisuke Harigaya 2019)
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Axion Misalignment

Vacuum Miaslignment Kinetic Misalignment
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Axion Dark Matter

Abundance Calculation:

After oscillations start, Axion Behaves like DM.

. . PaT ) 1 1 .0
Comoving Number density conserved: n (7 ..) = = —a“ + V(a)
ma(Tosc) ma(Tosc) 2
. s(1p)
Red-shifted value: n (7)) =n (T,..)
S(T ) Note: 7, . here denotes

oscillation temperature
in case of both vacuum
Pc and kinetic

Correct Relic Abundance: Q h* = 0.12

1
DM Abundance: Q h* = Pl Ly h*

Vacuum: f, ~ 4 X 10! Gev — One single value of f, ; below under abundant

Kinetic: Change 6 to obtain the correct relic for lower values of £,
9



Axion misalignment with memory-burdened PBH

Adresses:

» Strong CP problem
* Dark Matter

Goal:

* Study Change in the Axion DM relic in the Presence of PBH-dominated Universe

* Detection prospects

10



Axion misalignment with memory-burdened PBH

* PBHs form in the early universe via various mechanisms: inflationary perturbations,
first-order phase transitions, and topological defect collapse.

*  We remain agnostic about such origin of PBH

* A PBH of Mass M, is formed in the early universe at some temperature 7, in the
radiation-dominated universe

Peu(1i,)

» Dominates the energy density of the universeif f > f.

. Initial Energy density fraction: / =

... - Matter Dominated era.

[



Axion misalignment with memory-burdened PBH

SCPBH:
. . . dMgy Mp
. Evaporates via Hawking Radiation: = —€
dt Mz

» Interested in light PBH that Evaporate Before BBN (1 to 3.4 X 10° g)

But here, we Ignored Quantum back-reaction effects!

Memory Burden Effect: Arxiv: 2006.00011, 1810.02336, 2402.14069

» PBH has microstates ( ~ e°) that store quantum information

 As the black hole shrinks, maintaining information storage becomes energetically
costly.

» Happens when PBH mass falls below a critical threshold (q).

12



Memory-burdened PBH

SC PBH MB PBH
dMpy — _ . Mp dMgy € M3
d Mgy dt  [S(Mgy)lk M3y
Memory Burdened PBH: 1000—————— \ |
* Parameterised by k, g 800|
* Prolongs lifetime of PBH S 600]
, , = 400}
* Mass range decreases if we want it ' _ scpBH
to evaporate before BBN O k=1,9=03
Ol .

13 Time (s)



Axion Misalignment in the Presence of PBH

eRD

g

eMD

|

* PQ Breaking

* PBH Formation

* PBH Dominates

* Hubble changes
3Mp#* = pr + Ppy

* PBH Evaporates:

O Entropy Injection

O GW

O Hot Axion

POSSIBILITIES :

SC PBH
==

Vacuum Misalignment
[arXiv:2209.14307]

SC PBH
==

Kinetic Misalignment

MB PBH
==

Vacuum Misalignment

MB PBH
==

Kinetic Misalignment

Impact of PBH on Axion Misalignment:

* Change in Hubble: T, . and evolution of € changes

* Entropy Dilution

14




M, = 10% g, f, =10"° GeV

Evolution:

SC PBH SC PBH
+ +
Vacuum Kinetic
Misalignment | Misalignment
MB PBH SC PBH
+ +
Vacuum Kinetic
Misalignment | Misalignment

T (GeV)
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Vacuum Misalignment

MBPBH (=1, ¢g=0.5)
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Kinetic Misalignment (9,=3x10%s7!)

MBPBH (k=1 4g=05)
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With MB, effect for Smaller Mass of PBH




Detection: Vacuum Misalignment

SC PBH

(For KSVZ type model) g,, =
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Axion Misalignment with Memory Buderned PBH

Summary / Conclusion:

e Axion Misalignment in PBH-Dominated Universe: Studied axion misalignment
in early Universe dominated by ultra-light primordial black holes (PBHs).

e Memory-Burden Effect in Vacuum Misalignment: Extended previous studies by
including backreaction effects of emitted quanta on PBH (memory-burden effect).

e Kinetic Misalignment with PBH (First Study): Analyzed kinetic misalignment
mechanism in both SC and MB regimes of PBH, leading to significant shifts in axion
parameter space.

 Detection Prospects: Explored experimental reach of axion detection,
gravitational waves (GW), and CMB observations for different scenarios and
identified a large portion of sub-eV axion mass consistent with dark matter relic,
within reach of future experiments.
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