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Setting the Stage: Nonthermal X Particles Vs. WIMPs
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Large scales Small scales
Linear regime Nonlinear regime

Three key scales:

* Horizon size (r;~100 Mpc)

= Largest halo (r~1 Mpc, m", ~10> M)
" Free streaming scale (The distance Horizon

scale r

particles travel without interacting) 10° i \I
\
\

10°

= Highly relevant to particle mass my,

—h
=
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Large scales (> r,) The largest halo \

= Linear perturbation theory applies

§olog(a) my d o a
Radiation era Matter era
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N
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P.(k) (h™*Mpc
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Frozen Perturbation  Structure grow " Inverse mass cascade ¢,,

. e s . Energy cascade e,
= Only applies in linear regime -
10?

e ' (K} from N-body simulation
Small scales (<1, | P, (k) from linear theory

o o 3  —— = . i ; =
* Highly nonlinear " 0 e o 102

= Linear theory does not apply ~ k (W/Mpc)
Matter density power spectrum .
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The smallest DM structure: | Hot
B T 3 oL Deutrmo |
Mg=max(M g, mx) Mgs=—ppmody, 7] 3 M, (m)oc my] .
/ \ 10%0F "\/ 7
: . > |Massive Meutrinos: WIMPS: P
Free streaming  Particle 8wl “,;f‘f‘:fm.ﬁz;::ﬂ ' e M _-10°M_ 127 ]
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= = X \ P
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‘ E H}Eﬂ = 1‘ ) ) > \M -
- an ! m,. =
3 8 = Ll X s
I 3 3 \16[L& 1 B 107F X LT 1
& i p & gl I e b LT T rep e ——— -‘i
rad Y 1010 -\ I -
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~ 1.5x 107 kg €0.8 x 10'2GeV] =L M=107Gey | )
" vi #  Critical mass my_(10'*Gev)
#1: Particles of critical mass m,.=1012 0™} My=10 eV = = *Mass of the smallest structure
c . ! I © Massive Neutrinos (~30eV)
GeV can form the smallest possible N v B WIMPs (~100GeV)
structure among all possible my, or 1% 101 10 100 100 40 q0% 0% 40%

Dark matter particle mass m, (GeV)

the earliest possible structure. Free streaming mass M, vs. DM particle mass my:-




Pacific

Northwest Structure Evolution for DM Particles of Different Masses

NATIONAL LABORATORY

Quter halo

Discontinuity

Inner halo

10 M "

i3
Fan

N

I
I
.I 1013 MSUH
I
I
I

Structure size

No discontinuity First structure 10 M_

|
. 10

Thin disk

Halo

MNeutrino 30eV

-
S T A T

_ Discontinuous
& Neutrino: e
Depending on particle
mass, the smallest DM

structure can have
only two DM particles.

105 M

=

sun

Discontinuous

=~ WIMPs: @

Continuous
X particle: ‘ —) ‘

-‘
@ 00O

arXiv:2202.07240 Zhijie (Jay) Xu PNNL



https://arxiv.org/abs/2202.07240

Pacific The Smallest Structure from Newtonian Quantum Gravity

NaTionaL LaBoraToRY  Tha formation of the smallest structure:

r:
=—— Assuming: ‘ e ‘ Bohr
@=— = Gravity only model
§= " Fermions following X+X—=X-X of atom:
=—— Pauli exclusion principle ‘ IX‘

Virial theorem:

2 _ Gmxe
VX T Tdrx mx:Vx - rx =nh,

4

Particle Size ;| _ 5. _ 802 3 10-13, Just like the Bohr model of atom:
= | (cross section): * a 3 ’

Uncertainty principle: Virial theorem:

Uncertainty principle:
e

— 2 —
A1 1 - meve mevef:? - h
0 e

Quantum Coulomb force Quantum

§=—— With m,, = 107GeV:

G 2 A quantum rule
Velocity: vy = — TXe

The angular momentum L = mgvris an integer multiple of h:

Structure X
Formation x=n—=
time:

mevr = nh. n=1 is the ground state

arXiv:2202.07240 Zhijie (Jay) Xu PNNL
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Thermal WIMPs (C, h, G=0):
High speed,
Gravitational interaction between

particles is neglected;

theory of
everything

Nonthermal X Particles (C=0, h, G):
Low speed, Gravity + Quantum

https://en.wikipedia.org/wiki/CGh_physi
(G  httesilen.wikipedia.orgiwiki/CGh_physics arXiv:2202.07240  Zhijie (Jay) Xu PNNL ¢
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I il
vV,

Comoving thermal: Peculiar thermal:

ITIJ_+2H“_L=0, ‘ VJ_=HJ_GDEG_1

% Density perturbation §

0 =2B/3+ B(a/aeq)

Frozen 6 (Suppressed growth)

Time
>

|

|

.. |

Known as the Mészaros effect I I
|

L

DM Thermal Velocity vs. Gravity-induced Velocity

Gravity-induced velocity:

Continuity Eq. : 0 + 2Hd = ArGppmo,

: 0
Momentum Eq. :U|| + 2HI1|| =4nGppm Eu” :

$
0 =2B/3+ B(a/aeq)

VE = uﬁ az

= =C(l1+afaeq)

Velocity

Vi =ula® = C(1 +a/aeq)

[l [l 100km/s

Constant V

This is model-independent
(Important and New)

l
3, = 1/3400 2

Time
1 >
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Velocity

V<<V,

/Hot freeze-out ho\2
V,=03c @«

¢
%9,

Relativistic Relativistic

mwc

B VsV o )2

mxl"”

Cold freeze-out V”OCaO ~7km/s

Gravity-induced

X+X—>X-X—>SM+SM (or DR)

= WIMPs (100GeV) velocity evolution (blue): Superheavy X particles 10" GeV (red):

= = Become nonrelativistic much later. = Become nonrelativistic much earlier.
&~ = Semi-relativistic at freeze-out. Extremely cold at freeze-out
B = Gravity neglected at freeze-out. The smallest structure (Newtonian Quantum Gravity)

Point-like particles. . = Cannot neglect gravity .
Compton wavelength is small. Adp = — Non-point-like (finite size). De Broglie 1, =

High-energy scattering. mxc Low-energy scattering. wavelength mx V)|
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I. Initial stage with constant initial
overproduced density p. . >> p_ (relic)

= (Out-of-equilibrium)

I1. “Cold” freeze-out by gravity

“X+X—>X-X—>SM+SM (or DR)

Overlapping
wavefunction

\ 4

Accelerated Particle
annihilation/decay

(Relevant to
Hubble tension)

f ~ 111. Relic density and structure formation

Continuous
O O
=% —co—e?
X+X — SM+SM Annihilation

HECR
X — SM = UHECRs

Decay
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Freeze-out of Nonthermal X Partlcles (Cold) Vs. WIMPs (Hot)

e

+wsseere: Equilibrium density no, for WIMPs
we Denisity evolution for WIMPs of myy=100 GeV

prpammpgE e P P

!

e Demsity evolution for X of my = 10" GeV
- = .Radiation density normalized by my

Equilibrium density

for WIMPs
WIMPs

freeze-out

WIMPs relic
number density

from X

Extra radiation
annihilation

X particle

X particle
initial density n,

X particle relic

annihilation (y=10" )3 number density n_ =N,

and '., -
freeze-out at time ty K l III |

\ e e 32 |

Heirarchical structure

d . P SR . formation stagts | |

10’ X=m W/T 10° 10°
Time evolution of WIMP and X particle Density
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1 10 100 1000
Boltzmann dn ; s 9 g 108
Equation: dr Hn —(owv) (" B ”Eff) 10—4 my =100 GeV
. . . —6
Freeze out: interaction rate ~ expansion 40
ne{owv) ~ H for=
W P
/ / Y {p—10
'
3
_3pm ~14
(owv) =3 x 10732 — o | 10— 4
’ A8 [f7ong, Angu; Rev. £stign. Astioplyys; 2010
‘ my~100 GeV 10
+ W T (GeV)
Weak interaction =  Thermal relics
2 .
(W) h g = Gravity is neglected
mwe | 162 = Point-like and high-energy

arXiv:2202.07240  Zhijie (Jay) Xu PNNL
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W+ W SM+SM

Boltzmann Equation:
== dn

-f‘-j_i;; b 2 2 - T
e —3Hn — {(owv) (ﬂ - neq) Neg © € m/
:= Freeze out: ny{owv) ~ Hy Thermal
: = H mwa}Hf Equilibrium
(owv) ~ ng o poQDm o
= { v} N kBT’}'{] . ‘IkaTTﬂ . kBT}'ﬂ . mwﬂ'z ~20
T My Pppm | keTyy
Point-like Eo\2
particles; {cmru}cc( ] C
No Gravity; mwe
U i
my,~100 GeV (owv) =~ 3 X 10_327

From WIMP Miracle to “X Miracle” for Nonthermal Heavy X

X+ X —->SM+SM or X+X — DR ?

dn
o = —-3Hn - (ﬂ'xV||)n2 No equilibrium n,
tx(myx) = 2727 p3
nploxVip ~ Hx XX G2 mx)s
3 2 .
I my 4@ _ 48" Newtonian
(oxV)|) ~ ~ = * "X = Gm3 Quantum
ngtx  poRpm 1x X Gravity
kgTyo *rkBTyo  kpTyy [ . myc?
oxVi) ~ - . 2'!_ : =, Xp= X ﬂ“ﬂ;ﬂ
My ¢ poQpm kpTx
Finite size (oxV|) = nrV Involving
. X"l Gravity
5,5\1/9
B 9. 23;"2 HUQ%)M V“h
"X\ Tear g2 Gr | T MXe
‘ rad
Ten orders larger than

_ -22_.3
(oxV))) =3 x 107" m"/s \wiMP’s cross-section ::
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Cross section required
by relic density

<oy V>=10"2m"/s for WIMPs

Underprodunction I Overprodunction

L I i L L i i

Freeze out: ng{oxV|) ~ Hx o0
T et RKTe et S P |
L (oxV) e e B0 er = X m;”‘ .
! | (Mpr CpoQpy kpTx
' Blue Line! | Red Line ! "
el i e e e e — ‘|Dﬂ L
o Ix _ 4R & |
Particle size: rx=-—5 = 3 =
2 G(my) = '
. 2 5 100
Cross section: ox xry 3
E ol
X miracle for nonthermal relics: O
Gravitational interaction and particle mass of
1012 GeV also yield the correct relic abundance. g}
WIMP miracle for thermal relics: 10%0
10°

B Weak-scale interaction and particle mass of

100 GeV yield the correct relic abundance.

10° 10 10" 10"
m, (GeV)

Cross Section vs. Particle Mass

l1t:lz“I
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Q & 2 F [ [ 2 L J
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] vy~ 107mis e 2=l0) ] i S ]
105 - | - ~ -
[ I -29 ' 1 1m0 L \‘_'
L itp= 1077s Formation time ! ] 10 h K ;
] t, =10 : 5 ]
: R
] . . a 1
i : 1 sl me“ myvy Relic density n_a {ngl_} h
105 E : ~—— X thermal velocity (V | ) | &5 10
| |= = .Gravity-induced velocity (V) 1 t 1 I » -
| 4 7Y A 4 Km/s 10-"Km/s
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1030 1L x . ’ i i : i 1 i 1020 . . : : 1 P . PRI R
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\7/ Extra Radiation: Analytical Solutions of the

5% Extra Radiation

Or = 0.05 than ACDM

Pacific -
Northwest BOItzmann Equation
X+X —>SM+SM or X+X — DR T TI——
~ Density evolution for WIMPs of my=100 GeV
e Density evolution for X of my = 10" GeV
= BOItzrrlann @ = —3Hn — (ﬂ-xv )”2 — — -Radiation density normalized by myx |
— Equation:  ; 1 sl ]
i i : ilibrium density
Analytical Solution: , Eipilibcisem deasily |
| WIMPs WIMPs relic
§ Hﬂ3 1 '}f —_— o9 R freeze-out number d:nil) '
- 10" 1
i n I s eyt 1
Moo ]—(I—T)El ' < T i N
I o R T - 1
L \1/8 ! N N e T ]
G lﬁ Q 10°15 Extra radiation 4
y o rad ~ 10—9 3 m;g:);
2 12 . Staon |
E]EH FH Q X particle X particle | X particle relic |
initial density n, annihilation (y=10"") % number density n_=yn |
The analytical solution suggests roughly 1% ,,mw‘:,':dm time 1, K l ]
one in every billion X particles survived > —
' : \ e o0 3%
as the relic dark matter today. : T 2
The rest are converted into radiation. 102 i NP ~;2 o y
10° 10’ 1 10?

x=mW/T

Time evolution of X particle Density
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Hu hhle cnnstant over tlme

L] 1 L) I I l 1 I 1 I I ' I i l l 1 T 1 l I ? I l I
» Aw;,=—0.08,Aw°=—O.8§ "l goL a Verde, Schoneberg and G|I Marin
: : > : : Ann. Rev. Astron. Astrophys. 62 (2024) 1, 287-331
[ Ngyy=+0.4 : L 75
. NEW g - E- Cepheids
L PHYSICS . A 0,=-0.01 " 0L e New CMB
i : : E CMB t
. DM-v,0=1 O""’mwGeV?'cm2 -
= : : > = I 65}
I Early DE’Z=104,Qeos=(};CL7 1 B Cepheids & CMB (Planck, ACT+WMAP) @ TRGB
| : : : : ﬂ ] i 1 i i i
2000 2005 2010 2015 2020 2025 2030
i . : : : Year of publication
. Early 1
Planck18+ACDM : : - - -
L L leted X 4+ X P Radiation (at ~10-%s)
2 : R!S‘SHOES) :
e | Extremely Early Extra Radiati
Reonalysis of R16 (C16,FK17,FM18) Xxtirem r X1r 1Iation
i BAO+ACTPol,SPT,WMAP : ® 1 eme y d y a radiatio 5 ~ U {]5
I e HOLICOW~4 lenses (Birrr18) | compared to ANCDM:
SN lo NIR (DJL17,CSP B18) oL \N 8§ [11 j ﬂrﬂd
Goio DR2,HST m (R180,b: SHOES) Relativistic DOF: eff = ? (T) r (9] ~04
™ A. Riess et al. (2019) - g Y
e L T Change in H,: 67 km/s/Mpc to 71 km/s/Mpc
54 66 68 70 72 74 76 g 0- P P 17

Hy (km s™' Mpc™)
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If X+X — SM + SM Particles may continuously annihilate after freeze-out, but at a
much lower rate and produce ultra-high energy cosmic rays
(oxV)|) =3 X 10”22 m3/s (UHECRSs) as indirect signatures of dark matter.
Annihilation Rate: Energy production rate density:
[(r) = nia'ﬁ(JxV”) J = fﬂx{?z*r(f)

Table 2. Cross section, annihilation rate, and UHECR production rate
Integrated above 0.63EeV,

Quantit Cross Number  Annihilation Production the total energy production
y section  density rate I’ rate density J rate is found to be:

: 3.—1 = —3.—1 vl
Unit m fﬂ m . m is ernglﬁn Yr 10.8x10% erg Mpc-3 Yr-!
Freeze-out .fx 10 21 10 12 10 44 10 4 Quentin Luce et al 2022 ApJ 936 62
Present Universe 10~ 10~ 10™ '
Milk way halo 10720 10710 10-40 (10%)
Local 10~2! 107 1033 10°!

Zhijie (Jay) Xu PNNL 8
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10% ¢ —
FT—. Blasi, Dick, and Kolb, Nuclear Physics B 110 494 2002 ] The cross section required by the
= i ] UHECR spectra matched the
x . - 9 predicted cross section
:1 0% L - - 1.8x1022 m3/s
5| et
— — L i
: T
— A
%1024 - = . .
3 ] : Our predicted cross-section
= v v from X miracle:
X
o (oxV))) =3 % 107*m?/s
\ : " ! \ T T
102? 019 1020

E [eV]

UHECR spectra from AGASA (Akeno Giant Air Shower Array)
compared to superheavy particle annihilation Zhijie (Jay) Xu PNNL 1©
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The particle decay models are less severely P G*m3,

constrained by the observed isotropy of UHECRSs. X =MXVX =~ "en2

For instanton-induced non-perturbative decay of X particles Effective decay energy scale from

(similar Eqgs. as QCD asymptotic freedom): Newtonian Quantum Gravity

2 e/ ax
X = . » Ax =mxexp |- ) » T = Constraints from UHERCs
In (_x) mvcs 015 .
Ax X i Pierre Auger Observatory
= coorsAvger excluded region
= Coupling constant Effective energy scale X particle
of the hidden of the non-perturbative lifetime
gauge interaction instanton effects

Our prediction:

Coupling constant: ax = 0.092

Particle lifetime: x = 1025 = 10'Yrs ' P. Abreu et. aly Phys. Rev. D 107, 042002, 2023

10° 10" 10" 10" 10" 10" 10 10" 10" 10" 10"
M (GeV) .
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101

Bonus: Connecting DM Microphysics to Halo Density Profile

TTTre =T rrre r—T T TTTIT T T T T TITI =T rrrIm T T T TITIe F=Trrer T T T TT
‘ Newtonian 4/
Quantum 10" Ph = (:_i’) Eif3c-|r—4f3
Gravity . — .

Galactic
size haloes

" 100N . :
= 3‘ x ]ﬂ_l:im 'Ef": ‘1;% —_—ny = 10 A 5:
> H my = 10° M, i
- : my = 10°5Af ¢
i f e L %
. G my.. . _ & yab —_—y = 10PA ;
Velocity: vx = (mxec) ~4x 10 ' m/s =0 my = 1050, |}
= 4h z my, = 10M1 AL, i
- ik — T = 10t T"_lf,.,.., H
3 ("4 9 = —_— = 102A
m = my, My
Dark e FH — ! { XI‘) ~ 1{]—7"12/‘#.3! E 10° g = lﬂ'i "M e
constant: Ix 512w e
my = Mo
my = 10VA,
~ o my=5x107"M,,.
4/9 : \ 0 my=5x10"Mu |}
" my, mG_ | _-4/3 i Ener'gy Wa§19, Bose, Frenk, Gao, ', o= 1.26e°G 43 Nustris
v — —_— E r = u u - Jel'!kins, Springel, and '1.1' - -y, = ".Hri Ig-1p-13 E - =
= Ph m* u time Wite, Natore 585, 30 (2020) = = - = 083Gy | simulation
7 h ‘H:"ﬂ L .'......ul i i iaail i o 3 g paegd LT | PR | s .n...ll 5 i i asal L ........s 5 a4 saas
= . . 10°® 107" 104 107 107 ke 10" 10° 10" 10° 10°
This halo density seems to be good Fikpe)

from Earth-size to galactic haloes
(across 1020 orders)

Why?

Earth Size To Galactic Halo Density Profiles -
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Northwest Take Away Message
Velocity Deasit'-,r

. “"Hot" freeze-out
Relativistic (X) Relativistic (WIMPs 2 :
:t V = 0.3c .,m( h ] Blue: WIMPs

Red: Superheavy
Nonthermal X particles

“"Cold” frEEIE—Duti
V30 o« i)

m:'lr"

Initial pini Green: X particle density

One in every 10° =y

5% Extra '
ﬂNEf_f =04 . :_. ’ Radiation

o0 o0
® C @ @ Structure formation

Properties of X particles: Evolution of X particles:

= Superheavy mass 10'> GeV = Become nonrelativistic early

= Cross-section around 1022 m3/s “Cold” freeze-out at 10°s (X miracle)

= Nonthermal and particle nature Annihilation/decay into extra radiation

= Fermions following the Pauli Exclusion Extremely early extra radiation for the Hubble tension
= Gravity only Annihilation/decay into UHECRs

22
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