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Timeline of the Evolution of the Universe
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https://arxiv.org/pdf/2506.13858
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ACDM Model:
 the large-scale structure in the distribution of galaxies The Hubble Heritage Team (AURA/STSCI/NASA)

+ the accelerating expansion of the universe observed in the light from distant galaxies and supernovae
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Observations Little red dots (LRDS)

CEERS 14448 NGDEEP 4321 PRIMER-COS 10539

o £ =Y - The original reports identified LRDs as a type of early active galactic \
nucleus (AGN)

« The current leading theory is that the LRDs are a form of
CEERS 20320 JADES 9186 PRIMER-UDS 17818 primordial galaxy

z=5.27 z=4.99 2=6.40

« Early galaxies as result of very slowly spinning dark matter halos

https://science.nasa.gov/asset/ /

webb/little-red-dots-nircam-image/
Type Redshift

Little red dots 4.75<72<8.92

Galaxy z>10
candidates
Accreting black z>17
holes

https://en.Wikipedia.org/wiki/Capot.auro
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Time since Big Bang (Gyr)
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https://en.wikipedi&org/wiki/Ca pot’auro

-'h.ttp_s://chandra.si.edu/blog/nodé7861
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Direct Collapse Scenario

Star Formation
(Standard Scenario)

‘ P —

Therefore, a moderate cooling rate is required to
form a SMBH in the direct collapse black hole

| E— scenario.
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’ . I 4 K:
Let’s slow down the cooling o= Below 107 K:
Cooling Channels: Above 10* K 10-2 L
o' .
« Collisional excitation cooling (ngny, n2ny,+, Neny,+) L gl H, He atoms ]
£ 3
Q
« Collisional ionization cooling (n.ny, Nenye, NeNy o+, NoNYH+) 50 SN
[N / \
1_110-25 — / 1 =
. . . Nc:l: {! \‘
« Recombination cooling (nony+, nenye+, NeNyo++) > Hz / \‘
10-28 |- ) : “ —
« Bremsstrahlung cooling (All ionized species) : / '
L . 10-27 | / E '1 -
» Photoionization heating (ny, nye, Nye+) 3 https://arx,lfv.org/pdf/ zitro—ph/()010|468 E
, 100 1000 10* 108 108
« H, cooling (Collisions to H, H,, He, H* , ™) Below 10* K T [K]
o , . , We can slow down the cooling by
* H, radiative cooling (formation or destruction of molecular suppressing the formation of H,.
hydrogen)

Mgas cloud~106 — 107 MG)

« Compton cooling/heating off the CMB T,:»~1000 — 6000 K
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Overview of the Model

Cosmic Background

XX = 2y

H, Formation:

H+e - H +vy

N\

He+y - Het + e~

CMB
DM Halo
One zone Model + NFW Profile
Photodissociation
g 11.2-13.6 eV, LW Band)
Gas Cloud
One-zone Model
Photodetachment

(0.76-13.6 eV)

Het +y -» Hett + e~ HY +y->H+H?

Hy+y—

Chemical

Hy +e” HY +y->HY+Ht +e”
o000
Network and Cooling Library: Grackle
Page 6 of 16



Results: Thermal History

1077 ——— Star Formation -
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DM Parameter:

- Star Formation: m,, = 47.1eV, 7 =7.74 x 10°° s
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Results: Thermal History

107° ——— Star Formation

103_ .
[ —— SMBH Formation

NI{:'(Jlld =1.29 x 1[}6 I"-'L_-x
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DM Parameter:

- Star Formation: m,, = 47.1eV, 7 =7.74 x 10°° s

« Supermassive Black m, =47.1eV,7=1x103s

Hole (SMBH) Formation: Page 7 of 16



Results: Thermal History

103+
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2
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—— HTC Formation
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10! 102
142z

DM Parameter:

- Star Formation: m,, = 47.1eV, 7 =7.74 x 10°° s

« Supermassive Black m, =47.1eV,r=1x10%s
Hole (SMBH) Formation:
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——— Star Formation
—— SMBH Formation
—— HTC Formation
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142

Present «
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Results: Thermal History
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I T T T L L |
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——— Star Formation
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—— HTC Formation
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DM Parameter:
« High Temperature Cloud (HTC)

- Star Formation: m,, = 47.1eV, 7 =7.74 x 10°° s
Formation: m, = 22.86 eV, 7 = 2.78 X 10°® s

« Supermassive Black m, =47.1eV,7=1x103s

_  Evaporation Formation:
Hole (SMBH) Formation: page 7 of 16 P
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Phase Diagram: Decaying DM with Box Spectrum
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Phase Diagram: Decaying DM with Parabola Spectrum
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Phase Diagram: Annihilating DM

HTC Formation
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Star Formation Time: Decaying DM with Box Spectrum

Early Star Formation
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Star Formation Time: Decaying DM with Parabola Spectrum

Early Star Formation
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Star Formation Time: Annihilating DM

Early Star Formation
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Star Formation: Gas Cloud Mass Critical Curves
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Star Formation: Gas Cloud Mass Critical Curves
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Star Formation: Gas Cloud Mass Critical Curves
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Ongoing Work

-25

Brightness temperature, T, [mK]

=50

« Next Step:

=75

—100

« How about WIMPS?

—195F — 1o exotic injections ]

—— Model *, total self-shielding
. . _ - — = Model *, no self-shieldin .

Cascade: As propagating through the gas cloud, high-energy photons from o Mool o, total selfshielding
175k — = Model e, no self-shielding -

heavier DM decay/ annihilation gradually lose energy via interactions with SRS Y Y Y Y S E
125 1560 175 20.0 225 250 275 300
Redshift, 1+ 2

the ambient medium.

» Observation Signals: 21 cm signal, JWST
10

« Ambitions:

« 1-D hydrodynamic simulation

no exotic injections
Model *, total self-shielding
Model *, no self-shielding
Model s, total self-shielding
*= Model o, no self-shielding

| | | | | 1 |

125 15.0 17.5 200 225 250 275 300
Redshift, 1+ z

Page 15 of 16 https://arxiv.org/abs/2308.12992

,_
T
|-||

« 3-D hydrodynamic simulation

Power spectrum, A2, (k=0.2 Mpc™!) [mK?|




Takeaway Information

- Dark matter with different parameter values can alter the evolution of a gas cloud,
leading to the formation of the first stars, SMBHSs, a high temperature cloud, or simply

a cold overdensity region in the universe.

* In the direct-collapse black hole scenario, photons produced by DM decay or

annihilation can suppress H, formation and slow cooling, promoting SMBH formation.

* In the first-star formation scenario, these photons can either delay or accelerate star

formation.

« When self-shielding is included, higher-mass DM can further contribute to H,

destruction, thereby affecting the thermal and ionization history of the gas cloud.

Page 16 of 16
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Takeaway Information

- Dark matter with different parameter values can alter the evolution of a gas cloud,
leading to the formation of the first stars, SMBHSs, a high temperature cloud, or simply

a cold overdensity region in the universe.

* In the direct-collapse black hole scenario, photons produced by DM decay or

annihilation can suppress H, formation and slow cooling, promoting SMBH formation.

* In the first-star formation scenario, these photons can either delay or accelerate star

formation.

« When self-shielding is included, higher-mass DM can further contribute to H,

destruction, thereby affecting the thermal and ionization history of the gas cloud.
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Structure Collapse in ACDM Model

ACDM Model:

« the existence and structure of the cosmic microwave
background

 the large-scale structure in the distribution of galaxies

» the observed abundances of hydrogen (including
deuterium), helium, and lithium

« the accelerating expansion of the universe observed in the
light from distant galaxies and supernovae

Page 2 of 16

https://science.nasa.gov/mission/wmap/wmap-overview/
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F — k=100 Mpc™, deo~ 107° —- &k =10* Mpc™, deo= 10" 3
_el — k=10 Mpc™!, 6.9~ 1075 1
10~k | 4 . 1

10% 106 108 1010

Redshift, 1 + z
https://arxiv.org/pdf/2506.13858

1 102

Initial Density Fluctuation:

p—p

p

)

The typical amplitude of an initial fluctuation ~10~°
All modes collapse at similar redshifts 1 + z <

10



Backup: Mass Accretion Histories (MAH)

Qestions about the fixed mass modeling: \

« Bullock et al.(2000) found that the halo concentration (at fixed mass) is systematically lower at higher redshift

» haloes of fixed mass have significant scatter in their ¢ values (Jing 2000), although there is a mean trend of ¢ with
Mp

« ¢« (1+2)~! corresponds to the scaling of the virial radius for an object whose mass did not increase with redshift,
that is for an isolated system surrounded by a void. Haloes never exist in complete isolation, however; as the virial

Vadius increases, it will enclose more matter, increasing both the total mass and the virial radius further. /
— —~— — —
Bullock et al. (2000) Wechsler et van den Bosch Zhao et al.
Eke et al. (2001) al. (2002) (2002) (2003)
-0.13
(M/iw-l*—) M(2) = M(Zobs)eXp[—2(z — Zobs) /(1 + 2 )] the average MAH the MAH of a halo in
1+2) of CDM halos general consists of two

follows a simple distinct phases
universal function halos which are still in
with two scaling the fast growth regime

should all have a

variables. e .
similar concentration

Page 9 of 16



Backup: Concentration Parameter

Concentration Parameter Epoch Schmidt & Allen

Bullock et al.

. (2000) | Zhao et al. | (2007)
Before NFW Eke et al. (2003) Chandra
Power law density profile — Steeper profiles for large (2001) observation

n — Galaxy cluster density profiles show no clear

dependence on n - Significant departures from power- Gao et al.

law behavior (2008)

- NFW and later (slow phase, c < (1 +2z)™1) Wechsler

, , , : t al. -
Halo density profiles with a universal shape that does (3082) Maccio et al.

not depend on their mass, on the power spectrum of — Agree AL (2008)

initial fluctuations, or on the cosmological parameters — Disagree

« Mass Accretion Histories (MAH) .
Early rapid phase 2101 oo

Late slow phase

* Propose and confirm of Rapid Phase (c~3 — 4)

The typical binding energy of the halo is
approximately equal to that of a singular isothermal 6x10°
sphere with the same circular velocity

10! 1

Concentration Parameter

4x10°

1071 10° 10!
1+z



. 20 J : —— DMHalo 7
MOdEIIng 10 i —— Gas Cloud ]
- Gas Cloud and DM Halo T, 00 e tion

s 101 |
One-Zone model, NFW Profile Zo 4_\/
et s s 1073
DM Decay/ Annihilation .
£ 10*° 4 |
Photon Spectrum, Photon source 8 10] |
: 6=0.025, ri5j=138.533 pc
« Chemical Reaction Rate 10% 4~ 1+ 2y =14.64
. . . . . . 10! 1(")2 163
Photodissociation, Photodetachment, Photoionization, .

Photoheating

- Thermal and lonized History Simulation 107 4
Initial Conditions (CLASS), Grackle 1072 1
 Criteria i

1079 1

Star, SMBH, High Temperature Cloud Formation and Evaporati%[]o_
- Self-Shielding

10—11 .

Fitting Formula from IGM Studies Page 7 of 28 107

1+z




Backup: B-Factor

« DM Halo

1. Solving ODE with initial conditions:

dzr _ GMhalo
dt2 r?
2. Using an artificial mass-redshift-

concentration relation function, fit the

NFW profile
cC = 1 _|_ e—(Z_Zvir)

4x10° 1

v 2x10°

3. After halo reaches virialization, fix ¢ =

4, fit the NFW profile

109

c=1+3exp[—(z—2zu)]

10!

Concentration Parameter

102

— 10%M,
—_— 1010Me
— 1012M,
101 A
2x 10!
101 4
6x10°
4x10°
3x10°
S—t—SA A
2x10°

10!

102




Modeling: Gas Cloud and DM Halo 62 Cloud DM Decay ~ Chemical  Simulation

DM Halo Annihilation Reactions Criteria
« DM Halo Halo Boost Factor
4p peV
S
PNFW = 2 ‘
(1)
B . 63(1 + C)MQOQ
Ts = T200/C Ps = 167r3ye[—c+ (1 +¢)In(1 +¢)]
 Halo Radius 1m0 d2r G My,
- Halo Density p200 dtz r2
« Concentration parameter c
T %
c=-22 c = _Peak T https://arxiv.org/pdf/1711.05271
r U I 10100 161 1(')2
S vlr

c= ”:200(

A measure of the size or density of the central region ' . .
relative to the size or density of the whole halo. B characterizes the inhomogeneity of
the particle distribution
c =7

Page 8 of 28



Modeling: Gas Cloud and DM Halo 62 Cloud DM Decay ~ Chemical  Simulation

DM Halo Annihilation Reactions Criteria

- Concentration Parameter ?
. ioi i -1 Rapid Phase g Slow Phase
Origin Paper of NFW Profile - ¢ < (1 + 2) P How long it will take?

- Later Simulations agree with ¢ « (1 + z)™1

102

« Simulations of fixed mass halo underestimate the : — 10%m,
c — Mass Accretion History (MAH) i — 10%M
« MAH Halo Evolution: | Sl

« Halos start as rare density peaks and

ACICRUEEER oxperience fast and nearly radial infall that
brings mass closer to the centre.

« halos slide into the plateau regime where the
accretion becomes less radial

NCIWAGEN-I + halos move into the domain of declining

concentration-mass relation

Concentration Parameter

10! 1

101 100 10! 102
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Modeling: Gas Cloud and DM Halo 62 Cloud DM Decay ~ Chemical  Simulation

DM Halo Annihilation Reactions Criteria

- Concentration Parameter ?
o : -1 RENRERE g Slow Phase
Original Paper of NFW Profile - ¢ « (1 + z) ¥ How long it will take?

« Later Simulations agree with ¢ o (1 + z)71
« Simulations of fixed mass halo underestimate the
c — Mass Accretion History (MAH) 4% 100!
« MAH Halo Evolution:
« Halos start as rare density peaks and
CICRUEEER  experience fast and nearly radial infall that
brings mass closer to the centre.
« halos slide into the plateau regime where the
accretion becomes less radial
WA EH-Il - halos move into the domain of declining

c=1+3exp[—(z-2zy)]

w
X
=
o
o

2 x 10°

Concentration Parameter

concentration-mass relation 10 .
 Interpolating Concentration Function 10° iy 10°
Julio F. Navarro (1996)
c = {1 + e~ Zvir), Before virialization Ewa L. Lokas (1999)
4 After virialization Bullock et al.(2000)

Zhao et al. (2003)
Page 9 of 28 Gao et al. (2008)



I g Gas Cloud DM Decay Chemical Simulation
MOdellng' GaS CIOUd and DM HaIO DM Halo Annihilation Reactions Criteria
+ DM Halo: NFW Profile 00] | — DMHalo 1
: R —— Gas Cloud ]
» Solving ODE with initial conditions: w1019 — Pat
d?r GMyq10 'a E -== \Virialization
dtz 72 = 1018? l
- Using an modified mass-redshift-concentratio: o ., [ |
relation function, fit the NFW profile = I
> 1016 47 |
¢ =1+ 3e~2vin) s
C ] |
T . . _ . U 10154 :
. ?h Aliltls\/rvhalofrleaches virialization, fix c = 4, fit A | 6=0.025, ry=138.533 pc
€ profile 1044 ~ 1+ zyir = 14.64
« Gas Cloud: One Zone Model 101 102 103
1+2z
1.9A
~ 3
p(Z) ~ pO(]‘ + Z) €Xp (1 _ 075A2)
A — 1+ Ryir “oir = 20
142 Mnaio = Mcioua/fo o = Qparyon/Om
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Modeling: DM Decay/ Annihilation and Source of Photon

Gas Cloud DM Decay Chemical Simulation . — E,=112 eV, Background 4
DM Halo Annihilation Reactions Criteria e —— E,=112 eV, NFW
1011 ; —— E,=13.6 eV, Background ’
/ ,I'T‘ 1010 | /,-\,\ —-— E,=13.6 eV, NFW
« DM Deca =YY ... \ /\ “ S >
yx—>vy..) - S g
« Box Spectrum § 100, X
E% = 6(1 — i) 1074 Annihilation
=|w
box dm w 106 m, =40 eV, (ov)=10732 cm3-s1
« Parabola Spectrum - Mpaio = 9.145 x 105M 5
2 1 ) 2
Eﬂ zﬁ[i_(i) }@(1_&) 10 ’ 10
dE parabola Mdm Mdm Mdm — Box +z
TP 107" Pparabol 107 — )
. DM Ann|h|lat|0n (XX - 2]/) arabola E, =112 eV, Background
10° 10! 15 —-— E,=11.2eV, NFW
Ey [eV] — E,=13.6 eV, Background
T 1051 —-— E,=13.6 eV, NFW
0
UV Photon Source P 1041A>arabola spectrum
. . i 103+ my =40eV, T= 1028 s
« CMB (high redshift) = e
102 \.\ Mhaio = 9.145 X 10"—:%,,—:—"
« Background DM B
101+ ,
101 102
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U : : Gas Cloud DM Deca Chemical Simulation
MOdellng' Chemical Reaction Rate DM Halo Annihilatign Reactions Criteria
Reaction Reaction 10-171 F\____\

10719 \§
H+e — H +vy H+e — HY+e +e” - R
H +H — Hr+e™ H" +e” — H+vy c 107211 T
H+H" —  Hi+y He+e~  — He +e +e = — o
HY +H - Hy+H"  Het+e > He+y T
H> + H* - H; +H Het + e~ — Het" +e” +e” § 10-25{ — o::+
Hy +e — H+H+e  He*"+e — He'+y O O,
H, +H - H+H+H H+H — H'+e  +H 107274 Ohs
H +e” — H+e +e” H+He — H'+e +He ——
H- +H —» H+e +H H+y — H*+e 100 10! 102
H™ +H" — H+H He + vy —  He' +e”
H™ +H* — Hj +e” He" + vy — He*"+e” ><10_16| |
H} +e” - H+H o | m K a
HY +H- - H,+H Neutralization 5 08 L :: 7
H+H+H - Hy+H Photodetachment (0.76- 13.6 eV) ‘2’ 06 1 o SN
H+H+H, - Hy+H = K |
H +7 . H +e—_2|/ Photodissociation (11.2 - 13.6 eV) A i I
H; +v - H+H' o |
Hy +y - Hj+e 31 reactions; 8 require manual 5 o2 : §
H +y - HTHH e input. 0.0 : '
Hy +y —» H+H 50 60 70 8 90 100 110

Page 12 of 28 Wavelength (nm)
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Modeling: Thermal and lonized Simulation and Criteria

Gas Cloud DM Decay Chemical Simulation
- Initial Conditions (Temperature, f, x,...) DMHalo  Annihilation  Reactions Criteria
CLASS (http://class-code.net/) Criteria:

(the Cosmic Linear Anisotropy Solving System)

Star Formation

e T | <nT, | Rapid Coolin
CLASS cloud - N Lcloud S P g
the Cosmic Linear Anisotropy Solving System SMBH Formation
Moderate Cooling
Z=Zyir
Mcloud > M]eans

High Temperature Cloud (HTC) Formation

- Chemistry and Cooling Library for arm

Astrophysics
Grackle (https://github.com/grackle-project/grackle)

Z=NZyir

Mcloud > M]eans

Teioua™ Teloud Very slow Cooling

Z=Zyjr

Evaporation

N i Gas cloud becomes too cold as high redshift

Grackle: a Chemistry and Cooling Library for Astrophysics
Page 13 of 28



DM Decay

Phase Diagram

Star Formation

SMBH Formation

HTC Formation

IGM Formation
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Phase Diagram: Non-Thermal DM Annihilation

Evaporation

1032 i
Meloud = 1.67 x 10° Ma i
107% DM Annihilation E Star Formation
10~ 5
gm—% SMBH Formation
B 1g-
3 |
B 10-% ; HTC Formation

10° 10! 102
My [EV]
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Self-Shielding

- Distance 10¢
- Ir|'-;':'F — 7 3 ':':; < Reioud 6 - -
L(r’j’):< B } ; o |
e(7.7) +5 (7.7), |7 > Retoud : g
« Optical Depth £ 1 annihilation i
= NeloudO v Tj - FI ; T_'F < Rejoud = 102 - i
T (7”,?_") =4 - - - ! :
NeloudTw S (T'fa 'F) + ﬂbackgroundgvf (Tf: 'F) » || > Reioud my=185eV (ov)=10"% cm?- %_l |
. 10° 1+2=200 H I
A —— Origin H :
IGM --- Self-shielding ! .
10-2 L — : '
10° 10! 10?
DM Halo Ey [eV]
« Photons from DM Decay/ Annihilation in the DM Halo
GaS C Ud R.g d R; 1 w 3
< CLOU Lalo Sln 9 dn ’
- Jiotal (E) = TFE Tzd?“/ 2 dr’ / do e o),
J total (£ /0 0 0 r2 + 72 —2rr’ cos 0 dEdt
« Photons from Background DM Decay/ Annihilatior:i ,
& @] d n
3 4 / 2 —7(E,z
2 H(2)(1 4+ 2)
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-10F ' ) ] ] B -
R . . . i TOT Photoionization — 7 =5 _
Self-Shielding Fitting Formula | ST
L oL IL L z =2 |
* H, Self-Shielding Fraction = ik ol z =1 ]
T = e e — —'-'-..': N, Z 0
0.965 0.035 4 2 '
— 0.5
W(Ng,, T) = exp|—8.5 x 107 *(1 +x ~  f,
fon(Nu,, T) (1+z/bs)' L " (1+ )05 p| ( )] N
— e S e B =B B o= Bl B e maem B e B e -— m?" _14 -
S S k)
and b is the Doppler broadening parameter
* H Self‘ShleIdmg Fraction —16f https://arxiv.org/abs/1éﬁ'O'.'78Q‘8 i
- o, s -5 -4 -3 -2 - 0
NH nNH log. [ n, (cm™)]
= (1— 1+ — - 1+ — 10 H
(T)mr =9 [ (no ) } d [ no]
1077 1
z pr no ai o2 B f
(1072 s71)  (cm™3) »
3.0 1.13 0.0090 —1.12 —1.65 5.32 0.018 0
4.0 1.05 0.0093 —0.95 —1.50 5.87 0.015 i
5.0 0.90 0.0103 —1.29 —1.60 5.06 0.024 R
6.0 0.34 0.0070 —-0.94 —1.51 6.11  0.029
7.0 0.07 0.0027 —-0.86 —1.27 7.08 0.041
8.0 0.10 0.0040 —-0.74 —-1.40 7.12 0.041 10710 4
9.0 0.14 0.0046 —-0.64 —1.21 9.99 0.029
10.0 0.20 0.0047 -0.39 -0.86 12.94 0.006
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Backup: lonized History

105_

10—33 4

10—71 4

10—109 4

1071471 142=900
10-185 - 1+z=500
1+2=200
107239 — 14z=100
10-261 ] — 142=50

— 142=20 l

Jy[cm=2.s71]

: —— Star Formation
—— SMBH Formation
- —— HTC Formation
- —— IGM Formation

100 101 102
: | Ey [eV]
Meloud = 1.29 x 10° Mg

1075k

10! 102
147

o [10 ¥ cm?)

0
10!

energy [eV]



MEEs [Mo ]

Backup: Accretion and Number Density of the Halo

1012 5
11 J
o = 300 Myr, T.=30Myr
N Zyir = 20, Nacc =1
1010 - * Zyir = 20, Nace(t) _
] ® SDSS-J010013.02+280225.8 "?u
) =~ (= 1§
] r& .Q ® ULAS-)1342+0928 $ 1044
109 E . . -~ GN-z11 4 __I"o
: -— ® GHZ9 E
l ® CAPERS-LRD-Z9 ol @
108 - . s e UHZ1 < $ E
] & ® CEERS_1019
] - ® JWST-UNCOVER
107 5 n = Abel12744-QS01
: m COSMOS-3D
1 ¢ NR
106 T T T T ] T T - - - - T - - -
- 5 6 7 8 9 10 11 12 6 X 106 107 2 % 107 3 x 107 4 % 107
Zobs

Mha[Mo ]



Backup: CMB and Photon Flux

« Decay DM
103 - y
f“{fdm dN ’ !
-33 E) = E m
10 J(E) p—— T dr'pam(r’)
- 10771
| dN FE
Nt.n 10—109 Eﬁ . — @(1 — —mdm)
|
. 2
5 A= 1+z=900 E@ _ G{L _ (i) }@(1 _ i)
5 10-= 1+2=500 dE | arabola Mdm, Mdm Mdm

1+2=200 -
10-233{| __ 147=100 dod, _ 1 fnyQDMpcf 1 3 (mX_ 1+z >dZ
102614 i:zi;g dE, 4m Tm, ZstepH (2)E, \E, 1+ Zsep
LS S N N E— . Annihilation DM
10° 10! 102 9 0 o 3
Ey [eV] d®, 1 Qpppz{ov) (1+2)° 2 my 14z
v = 0 dz
dE, 4 2m?2 P : | (2) E, E, 1+ Zgtep
Jyy(1+2,E,) =E 42,
b 2y = RT3
g Y Y dR»], )
3(ov) | o E r
mx mx mx 0




. . 4 % 10° 1 c=1+3exp[—(z—2zu)]
Backup: DM Halo Modeling
3x 1001
At very high redshift (e.g. z ~ 1100), before the overdensity becomes nonlinear, the mass shell is still moving with
the Hubble flow. So the initial velocity of the mass shell is
0
Vini = Tini X H(2), (8) v 2x10
However, we still need to consider the correction of this initial velocity since too fast initial velocity will delay the
virialization of the Halo. From the Eq.5.43 in Baumann’s book
V-v=—ad, 9)
where v = ax is the peculiar velocity, § is the density constrast. For spherically symmetric, the peculiar velocity is
radial:
10° 1
v =uv(r)f 10 T
"8, (10) s -
the divergence of v is 1+z
1 d
V-v=——(r%u(r)). 11 2x10?
2 ((r) (11)
Assume v(r) = Ar, where A is a constant, then
1d ad ad
Vv=—>-—(Ar3)=3A=A=—— v(r)=——r 12
o (4r) =, () =5 (12) .
We should be careful with the notation r in the above calculation, actually it is in the comoving coordinate. Since
the physical velocity is o e
Vphysical = a'rph'y + f‘phyaa @ 6 x 10°
meanwhile, it is reasonable to estimate the time derivative of density constrast as S~ H 4, therefore, the velocity of
halo is
5 4x10°
Uphy = HTppy +v = Hrpp, (l — §) . (14)
3x10°
S——— A A
2x10° - - - - e
10? 102

1+z



. 4 x10° 1 c=1+3exp[—(z—2zu)]
[
Backup: DM Halo Modeling
3x 109
the external photon flux from the background dark matter decay/annihilation is
o dz dn’, v 2x10°
J(E) = (14 20ps)° E—2
(B) = (14 2000) o, H(z) (1+2)° dE'dt"’
I famPam (2)Ram(2) AN
Jdecay, hat'o(Ea z) = T, E@ 10° 1
101 102
1+2z
3 e (14+= 3} 1 2x 101
}d back d(E Zob )= (1+zobs) f'ffdmndmpcrit / dz
Jdecay, backgroun 3 “obs An Tam - H(Z)
101 _
2 P [ E E \* E §
Jan'n.,h.aio(E, Z) = 6fodedm(z)2Rdm(Z)<0”) - ( ) (S] (1 — —) @ 6x10°
2rPmyg, | Mdm Mm Mdm
( } 4x10°
Mam (1+2ohs = =
7 _ 3 JoySamamPrire (o) . g |4t Zobs)°E (L+2)" (14 20bs) E® (1 + 2)° ,
Jann,background I QPmﬁm . Mam H(Z) mczim H(Z) 3x10
I
2x10° - . . —————————
].01 102

1+z



Backup: Gas Cloud Mass

1032 1032
Star Formation
1x 107
IGM
1030 T 1030 -4
3.59 x 108

1028 - 28 g
'E' 'E‘ 10 s
il 0 SMBH =
b~ . E

=
10% 1.67 x 108
b 1025 4
g
a3
DM D Parabol 2 St
102 - €cay, Farabola = 102 - DM Decay, Box 1x10°
0 1 2 T
10 10 . 100 10! 102
my [eV]

my [eV]



