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* Introduction
= Turbulence vs. the flow of dark matter: similarities and differences?
= Inverse mass cascade in dark matter flow
= Random walk of halos in mass space and halo mass function
= Random walk of dark matter in real space and halo density profile
= Energy cascade in dark matter flow
= Umniversal scaling laws from N-body simulations and rotation curves
= Dark matter properties from energy cascade
= Uncertainty principle for energy cascade?
- EXtending to Self'interaCting dark matter hydrodynamic turbulence and its applications”
0 Velocity/density correlation/moment functions http://dx.doi.org/10.5281/zeno0do.6569901
= Maximum entropy distributions for dark matter
= Energy cascade for the origin of MOND acceleration
= Energy cascade for the baryonic-to-halo mass relation
= Energy cascade for SMBH-bulge coevolution

Relevant datasets are available at:
"A comparative study of dark matter flow &



http://dx.doi.org/10.5281/zenodo.6569901
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= - Stellar-to-halo mass relation (SHMR)

= halo abundance matching

= Goals:
= = Baryonic-to-halo mass ration (BHMR>SHMR)

= The average mass fraction of baryons in all halos?

= = The fraction of total baryons residing in all galaxies?

e | i = Baryonic Tully-Fisher (BTFR) for flat rotation speed:

= Gmbao @m observed baryonic mass

ss m,, can be related to the halo virial
rough constant density ratio A,

z(r, )3 A.p,(a)

radius r,,

@:4

3

. - The BHMR (between m, and m;) can be obtained

only if the relation between v; and r,, is known.

Relate to energy cascade in

3
baryonic flow? see 2/3 law &y XV / y

Energy cascade for baryonic-to-halo mass relation

= . Total galaxy baryonic mass = stellar mass + cold gas.

10 3
_ BHMR m,
o Pivot mass m,,.
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= S .#-l,., Stellar-to-baryonic
= 11;{’;?!-%“ g mass ratio (SHMR)
= 10° - 20 4
E _ ':'%" s
a—: (R \
R it of SHMR Moster et al. 2010
b0 o
N4 O From SPARC data
10y == = Stellar-to-halo mass at =0 [5]
_BEI}’DHIE t::r halcr mass at z—[] (Eq (3?))
‘H]E i aaall
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Halo mass m, (Msuﬂ)
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Baryonic Tully-Fisher
relation (BTFR):

4 _
v, =Gmya,

Halo mass and halo
size relation:

4
m, =—71, A poa”

1—31

Small halos <m:

405,

speed

Rate Of B Baryonic mass in
= energy _IBf equilibrium with DM,
cascade . i.e. same kinetic energy as
DM particles u?
DM
. c q
Circular > ,vafa oV,
velocity
DM halo r =— B .v.H 'a? oc v
size "9 Prvy d
1
Flat 9 (2 ) 1
B 1/3
rotation V,= (A j (Gth) a’ Oc(mh)

Energy cascade for the flow of baryonic mass

Baryonic Tully-Fisher
relation (BTFR):

4 _
v, =Gma,

m, =—ar,A.pya

Halo mass and halo
size relation:

4
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2

:
t

Turnaround time

Large halos >m,:
Baryonic mass and DM
are two miscible
phases sharing the
same rate of cascade.

B 3

4 (A 14
v, = Caf—f;ap ocv;
OV 2 u
3
4 v
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Model prediction and validation by SPARC data |
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E
- 0 From SPARC datal|
. FromEq.(21)
h - = ‘FromEq. (23)
10 102 103 10

Halo size I (kpc)

107 ¢

Flat Rotation Velocity V c (km/s)
(-]

||~ = .From Eq. (23)

< From SPARC data
From Eqg. (21)

108 Hal 1010 M 1012 104
Al 1IMass
mh ( E].JII.:I
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= Baryonic mass in | Il e e o e e B S R L B L TR
— ~1/3 4/3 3/2
= small halos m, = (Mcl) (mh) Pivot  _16 By (E)( w )a%(Sq—P} o
< pivot mass m,. 1012 E mass: e8I af 2 ) \Geg, |
Baryonic mass in = - 1 QO * —
5/9 4/9 = : - o
large halos m, =(M,,) / (m,) / 10 o Agree W'tzh - o e ;b > 7 ﬁg
= < pivot mass m, . 2 RO l_ & %r: O
| ;ﬂ / .-' - 0
: C e = 1010k 43 _"f-‘_.,'.,r;. i
= Model incorporate two limits: 1 Z m, Q OPgEn # 0 © Agree with
= i m Sm | m £ O Ha ¥ Moster et al. 2010
1 3 9 o [1] i Y g
m — m m = 10 o (T
—b=2’"A(Z) d + L » z " Gat N
m, m, . (z) m, . (z) e By
2 48 R
| _ 22 10 "G%
b 0 #
= Dash line: the stellar-to-halo mass ratio (SHMR) -1 / O From SPARC data
obtained from halo abundance matching 0y == = Stellar-to-halo mass at =0 [5]
(required to match the stellar mass function) — Baryonic-to-halo mass at z=0 (Eq. (37))
S i o L | i e b i i baql L i e 4o el : s ooy uaal
w09 . 1ﬂ1ﬂ1ﬂ -1{]11 1{]12 -1{]13 ‘1{]14
s = The 4/9 scaling law for both SHMR and BHMR

Halo mass m, (Msuﬂ)
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Overall cosmic baryonic-to-DM mass ratio (including
both halos and out-of-halo) is ~18.8% in ACDM model:

Baryonic-to-DM mass
ratio in out-of-halos

0188~

Average Baryonic-to-halo
mass ratio in all halos

A, (Z)Ab;l/(z)

Cosmic

A (2)= /1= Adh\(z)

ratio  Fraction of DM mass in halos

B )0

;'jé = J:D Ipi (V) (M c2 )5/9 (V M

Use double-A mass function to compute:

The baryonic-to-
V' halo mass ratio
in small halos

13
&l 2mh)

The baryonic-to-
V halo mass ratio
in large halos

32 * )‘5/ 9

Northwest Redshift evolution of baryonic-halo-mass ratio

10°

10 F

10‘35'

10°F

10°F

Fraction of

M baryonic mass in 1
2l halos is ~7.6% |
— -

Agree with Read
& Trentham 2005 -

92.4% baryonic mass
are not in galaxies

—a—f_ for barvons in large halos from Eq. (34)
+f1-|-£, for BHMR in all halos
—e—Abnh{z] for BHMR in out-of-halo from Eq. (32)

—#&—Fraction of barvons in all halos

/ +fl for barvons in small halos from Eq. (33)

10°

10 3 10° 10’

Redshift evolution of BHMR
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Strong correlations between supermassive black holes 1.86
(SMBHs) and host galaxies suggest a co-evolution. (Ferrarese Mp a '
= Mg—0, relation (BH mass vs. velocity dispersion) et al. 2005) 108 Mg B 200km /s

= Mg—M, relation (BH mass vs. bulge mass) (Marconi
= Mg-L, relation (BH mass vs. bulge luminosity) et al. 2003) Mp ~ 0.002M,;,
Proposed mechanisms for BH-galaxy co-evolution Virial M 3 2
~ 3rpo;. |G
= AGN Feedback theorem b b b/
= Statistical origin Bulge
= Effect of energy cascade? dispe{sion hy? ‘
5 2 w y . 3 —4 2 3
M,oxo, M,ccM, M,xro, »G—ngonst ep =0y [rp 107 m= /s
Mg—0,, Mg—M, Virial A :
correlation correlation ~ theorem ™ Bulge size For comparison:
The rate of
2/3 : 5 112/ 3
Two-thirds law: O'Zf oC (gbrb) » ¢ = O'Zf/lfb m) energy cascade M31 bulge: 6x107m?/s

Average local galaxies: 1074 m?/s3

. Sun: mass-to-light ratio 5122 kg/W or
H- m?
Does energy cascade exist in SMBH-bulge system” %104 m2/s3

. ) o
How energy Cgscade |mpact_s SMBH galaxy.coevolgtlc.)n. Cascade in dark matter: 4.6x10-7 m2/s3
Can cascade induced accretion exceed Eddington limit? 55

in bulge
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Dynamics on large scale does not feel the

'1012— T T R R R | T T LA R R R |

dissipation of baryons. Flow is self-gravitating ; [ SPARC NFW fitting for DM halo density |
s . : . I SPARC plSO fitting for DM halo density
collisionless with the same scaling laws on scale r: | . o DMS NFW fitine for DM hale donitr
/3 . 5/3 10" 3 o DMS plISO fitting for DM halo density
. O SOFUE NFW fitting for DM halo density
MaSS. = gb G r 5/3 IaW o Galaxy bulge density py |
B ; s DM halo density p, with e, = 4.6 x 107 Tm/s%|
. 2/3 ~—1_ —4/3 107 2 :
DenSIty: pr — ﬂrgb/ G 7 / _4/3 IaW m& mm Bulge density with g, = 1 x 10 4m/s*
Kinetic 2 2/3 eﬁg ok Cascade in
— (g r) 2/3 law | = galaxy bulges
energy. r b < o 21,4
Dueto | A ’ AEat
fan? 8L H
Cascade P =p1?o 5;/3G_1r — random | % 10 Cascade in
pressure: " 77 / motion | 2 DM halos
=
Cascade 2 4/3 ~—1_4/3 A 't Rate of cascade
Force: F, =4xrkh o« & G ritay, / G L g,(z=0)~104 m?/s3
. ook €,~107 m?/s3
Predicted galaxy o ; TR
_ . . . 7 : G 2
mass-size relation: e =e (a) . (Ub ) a0
Observed mass-size relation (ETG only, why?): r, dt
0.5 0.6 0.6 0.55 : ~ 4 2/s3 Bt i A
roem” " raem rocm, oL Sun ~ 2x10* m?/s° from mass-to-light ratio M/L 5122 kg/W
Huertas-C 1072 107 107 10’ 10°
(Huertas-Company (Mowla et al. 2019a) (Shen et al. 2003) Length scale r (kpc)

et al. 2013)


https://doi.org/10.5281/zenodo.7490501
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sun
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Density scale p (M !kpc3)

o
B

Rnage of
0 ISM density Dark matter halos
— 2 _ - —]
10 s X EHHG 1,,-4/3
Critical universe density
126 3 3
I P =107%kg/m?=147 M ___/kpc 2005 o ]
¢ crit o~ \
1DD i i i i | i i i i | i i i i | i i i i | I i i i | i i i i | i i i i | i i i i | i i i i | i I\ i
1070 107%° 10730 1072° 107 107"° 10710 10° 10° 10°

Astronomical density variation on length scales

1A 1m 1 Ly SPARC NFW fitting
l SPARC pISO fitting

| T
107 A
L l B DMS NFW fitting

B DMS plISO fitting
¢  SOFUE NFW fitting

l X particle mass
E m_x’ —_ {_ EGE'HE“_]]-L;
= 0.9 x 102GeV

Stellar Black hole density
black hole Stellar black hole
I ¢ 2 Galatic black hole
Neutron 2 Sun
Atom Earth
— nucleus White dwarf denisty

Neutron star density
Hydrogen atom
Hydrogen nuclei

BH with mass let Msun
BH with mass le8 Msun
BH with mass lel2 Msun
Bulge density

Scaling for bulge density

cEpaH®oo00%0H0O

* r =3 % 103 m, Py % lﬂzzkgme' H

Galactic
black hole

Galaxy bulge density
Pp X E?SG_IT"US

Length scale r (kpc)

S7



= From the observed evolution
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b ( 2) 2. n 2
ep=—oux — oy o r"=Const o, cGM,/r
b rp dr \" P b™b b b/ b
2
3 _3n 3—3n E’EJ
rpocan, gpoca MHing Mbﬂl:ﬂ 2+n =
o
_1 _ 649n 6+9n ‘*;"
Ppecad ~, Epoca Hin,  rpy o qlion o
Il
>~

\ 4

of galaxy mass-size relation

ry: size with fixed bulge
mass at different z

rv: the size of bulge with a fixed mass M, at different z

1 5

1.0 1.0
¥y oCa 7, Ca

(Huertas-Company

et al. 2013) (Yang et al. 2020)

(Mowla et al. 2019b)

0.95
1y, Ca

»n=1m

10

1

Dynamics on the bulge scale and time-variation of g,

- i\/lass-'normlalizedI radiu's as all func{ion 01" Z:1

[ Circles for ETGs !
Squares for passive galaxies

“-.._ Triangles for passive ETGs

(Huertas-Company et al. 2013)

0.0 0.2 0.4 0.6 08 1.0 1.2 1.4
z

¥, o€ d aboca_l/2 M, o« a’

-3
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= scale:
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Bulge mass M Rate of energy cascade g,
Six physical Iy Gravitational fant G
quantities: BH mass M, ravitational constan
BH luminosity L  Light speed c

Five length scales:

- 3/5
: Bulge scale: 7p = (I/G’r)S/SM / G3¢

BH sphere of rp = (I/gr)q/5M2/5GS/5 2/5
= influence:

Schwarzschild
Radius:

re =2GMp/c”

GLp

Radiation scale: rp = (
?’&'r%‘C

Dissipation

X

82§G3Mg

Scaling laws:

Se7 2/ 2/3 -1
b 4mm =ac’G'r

“p

Radiation pressure
L
prad ( )

B

Arrr?

g .
&,

cep

|
3\2
(VB)
Fy =|— =
Eph

B Equivalent BH
kinematic viscosity:

VB = IrCls =

Cascade pressure

)}1 pr(r):Grz/s

2z,GMp/c

5/3

Cascade/ |

Pressure

Energy ’
injection:

g,M,

Energy |
cascade: g,

Bulge

Key quantities and length scales for SMBH-Bulge
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10% ¢

[ V3 /M,y (from Ref.) | f e ]
| L/ L I Lg i p¥0. (0)=2.1x10%(Cy/11.8)[0.1(1~¢€)/eMMpe? -
0P =7 = Lg/(Mpey) ) I Y = 1 | I
| =y = (GLB/C5)U4 N ™ | MBEE) ] — 0.8 -]
FH= = - Model for stage "E1” =~ - / e [
[ femenannns Model for stage "E2” Pl | - g -
0% =~ ~ 1 Bi06
5 |
c §:_ |
[~} L
. 02
107 z [
L :j OF, . ! | L1 |
L E 0 1 2 3 4 5
| Z
102 : Evolution of co-moving BH mass density from
R/ 1 _[GLp\* 1 Quasar luminosity function from 2dF Redshift Survey
10% ‘! : iy cd . (Yu & Tremaine 2002)
f ! I 3
/ T e s = : | - .
04 b A i : T T = - Luminosity is converted from mass evolution :
g f I : .
_ ; | | Lp Mp e® 3(MB/MD)H 1)y €C?
— ' e My Mgl-e 0 T
10" a 10° 0 0 € o €

Time evolution of BH mass Mg, Luminosity Lg, dimensionless y and n 60
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10°) B — Data sources:
Lp GLp\*
! ! = CN = 1) Survey of local galaxies from
e P B : =20km/s Mgy ¢
- ! 78" literature (squares) Multiple sources
| / I::-‘B::‘mﬂkmfs
7 ,=452km/ . .
| | NGO3079 g1/ ¥ N 2) Quasars from Sloan Digital Sky
107 = / Yegq (Eddington limit) E .
| & Survey DR7 (gray and black circles)
l Schneider et.al 2010, Shen et al. 2011.
B | r =1' y ~
1ﬂ2l§— Active | ¢ - \:i. b' ¥ X T_r]..-:f h:> o
E“ é- ------- IIIII.'IIIIIIIIIIII. snnndnennduns rtl‘ I'II"' """""" ; :’" ...... 3) High redShift quasars from
= Inact a4 : .
i nactive o g : ’E,?.;m 2 ] Canada—France High-z Quasar
& PNGC205 Pg// 1 Survey (blue circles) Willott et.al 2010
E | ¢ - I -
_ C I 4 /
10 g P f SDSS DR7 Quasars 10°**<a<10°*! ?  4) BH evolution from the luminosity
- 17 4 o} (0.2589<2<0.4125), € =0.0004m /s . . ]
Sgpes o g 7 A op=173KMS Spss DRT Quarsars 1097<ac107 1 function from 2dF Redshift Survey
- ', 0" NGC O 40119<2<4.6234). €, =0.008ms’ ] . _
1[}-4%— rp=rs ‘: M31o 1277 JP=1Tkmfs < CFHQS Quarsars at z=6, |Eh={].[}lErn21’5?r ? (SOIId green) YU & Tremalne et.al 2002
- / s SMBH evolution path from 2dF redshift Survey -
0,=0.17kmls 5 Other alunis. | Any other potential sources?
108 | Ll Ll ! Lyl C ] ol y p .

61
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Galaxy bulge and SMBH data

Pacific
Northwest Velocity scales Length scales Rate of
Table Al. Samples of SMBHs and their host galaxies cascade
e

Galaxy Type Mg Ref. Lg Ref. op Ref. R Tp My, Ref. rp re r'p Fx £
Name (Mg) (erg/s) (km/s) (km/s)  (km/s) (Mg) (kpc) (kpc) (kpc) (kpc) (m?/s3)
CygnusA  Seyfert  27E+09 5 27E+45 2 2700 T BT 382 L6E+12 1 316 4SBT UUETUZ  JI1E-03  26E-07  2.0E-05
A1836-BCG 39E+00 1 33E+42 5 2880 1 89.6 72 T6E+ll 1 132 40E01  20E-04  31E03  37E07  5.9E-05
Circinus Seyfert  1.IE+06 5  48E+42 2 158.0 1 29.2 79 0B+ 1 02  LIE03  21E05 37E06  LIE10  7.4E-04
IC 1262 36E+43 63 2325 63 130  93E+11 63 247 4.4E-03 1.6E-05
IC 1459 25E+09 5 13E+42  3a 3400 1 99.4 56  6.6E+11 1 82  21EO01  38E05  1.8E03  24E07  1.5E-04
IC 1633 B3E+42 63 3566 63 90  24E+12 63 270 4.4E-04 5.4E-05
1C 2560 Seyfert ~ SOE+06 5 12H#42 5 137.0 1 227 56 23E+10 1 1.8 BOE-03  12E-04 23E05  48E10  47E-05
IC 4296 13E+09 5 16E+#42  3a 3220 1 69.3 60  16E+12 1 222 22E01 14E04  14E03  12E07  49E-05
IC 5267 62E+40 63 1617 63 26  15E+1l 63 16 3.0E-05 2.0E-05
IC 5358 LIE+44 63 2142 63 172 16E+12 63 502 2.6E-02 6.3E-06
Ser A* A1E+06 1 19E+36  3a 1050 1 19.3 02 LIE+0 1 4 90E-03 96E-09 22E05 39E-10  26E-05
NGC193 25E+08 59 16E+41 59 1870 59 70.5 34 19E+10 59 08  41E-02  44E-06 27E-04 24E08  2.7E-04
NGC 205 38E+04 5 48E+35 58 350 13 5.1 0.1 33E+08 13 04 12E03  25E08  LIEO6  3TE12  3.6E-06
NGC 221 25E+06 5 15E+37  3a 750 1 21.0 03  BOE+08 1 02 45603 1LTEO08  12E05  24E10  6.7E-05
NGC 224 I4E+08 5 14E+37  3a 1600 1 45.4 03 44E+10 1 25 5TE02  21E08  27E04  14E08  54E05
NGC 315 BCG  17E+09 3 T76E+42  3a 3410 1 81.6 88  12E+12 11 149  20E-01 26E-04 15E-03  16E07  8.6E-05
NGC 326 13E+42 63 2319 63 57  14E+12 63 383 5.6E-04 1.1E-05
NGC 383 58E+08 59  95E+41 59 2400 59 55.4 52 50E+11 59 125  15E-01  13E-04 8S5E-04  55E08  3.6E-05
NGC 499 BOE+42 63 2533 63 92 SIE+ll 63 115 5.4E-04 4.6E-05
NGC 507 BCG  16E+09 3 73E+4l 3 3310 12 78.1 49  13E+12 12 166  22E01 54E-05 16E-03  16E-07  T.1E-05
NGC 524 BTE+08 5 18E+40 5 2350 1 67.1 19 26E+ll 1 68  L6EDI  38E06  LOEO3  83E08  6.2E05
NGC 533 13E+43 63 2712 63 101 LIE+12 63 224 1.2E-03 2.9E-05
NGC 541 39E+08 59  43E+41 59 1910 59 485 43 21E+Il 59 83  14E-01 94E-05 68E-04 37E08  27E-05
NGC 708 J0E+43 63 222 63 125  T6E+1l 63 220 3.9E-03 1.6E-05
NGC 720 65E+41 63 2356 63 48  25E+1l 63 64 5.3E-05 6.6E-05
NGC 741 52E+42 63 2860 63 80  1OE+12 63 176 3.9E-04 43E-05
NGC 821 ITE+08 5 44E+39 2 2090 1 49.2 14 13E+ll 1 43 56E02  12E06  28E04  16E08  6.9E-05
NGC 1023 A1E+07 5 10E+40 2 2050 1 415 L7 69E+10 1 24 20E02  13E06 8JEOS  40E09  1.2E-04
NGC 1052 BCG  17E+08 59  35E+40 59 1910 59 53.8 23 56E+10 59 22 49E-02 38E-06 27E-04  1JE08  1.0E-04
NGC 1068  Seyfert ~ 84E+06 5  25E+44 192 1510 1 30.2 212 15E+10 1 09  76E03  26E03  26E05  SIE10  1.2E-04

NGC 1194 Seyfert TAE+07 5 5.5E+44 19a 148.0 | 428 5.7 2OE+10 1 1.3 3.2E-02 6.9E-03 1L4E-04 6.8E-09 8.0E-05
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The SMBH distribution in y -- n plane

107

yo=r, mp yn=12
1 B
- . Lg (GLB)"‘E The upper 7 ‘
=/ Y= o= 1 limit (red): 415 % £4/5 ~-1/5
E rP-rB : JB:EriTIfS M‘ng CS E ( ) LB oC gb/ MB/ G / C
- | / i
~180km/s
: NGC 3079~ 1/ _ - / og=452km/s vy =7 » 7/ — 2477
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C s OO 0 A ’ . .
I R, % Imit(blue): sy pan s 53
L . : % ’o"° ’ y o0 :;,r ~ B b B
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= nactive | 7 ] .
;_ I Dgﬁ];: %DD ’:, !I : 'E;‘: - 2 _; Of active and ‘
E ! / Opg Gr 1 ’ ’ 1 i I .
i Frcozos ’%5}@@?@%’ . TET bor” inactive (black): L,~&M,
- s 70 I ]
;— : ! O %D ):P &7y E%, = 0,15 0.1 é 4
= A N Py 71 SDSS DR7 Quasars 10™*%<a<10 g | L /C o O /G
- s 4 oo ’ (0.2589<2<0.4125), &, =0.0004m /s’ ] p Yr\ % B p
- O A T op=173km/s SDSS DR7 Quarsars 107 <a<10*7 . - — (?) n » Radiation Cascade
- 1, O_=#" NGC (4.0119<2<4.6234), ¢, =0.008m /s’ ] ' : force force
= e !..1 M31o 1277 Op=17km/s O CFHQS Quarsars at z=6, ¢,=0.018m’/s’ E :
B s SMBH evolution path from 2dF redshift Survey |7 =
= Se}ffertgalaxi::s P 7L og '[:frr]""r}uz ?}'4 5» Mp — ().00 _ 9
= | crp=D.1?kma"s | | | O  Other ,lgajaxi-:s | o - 1,|'r5' y ]I]BM@ I 200km /s
107 107 10* n 1073 102 107! 10° @y

Mg — o relation 63
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Cascade 1s ubiquitous in our universe

Inverse mass cascade with a scale-independent rate ¢ (kg/s)

= Random walk of halos in mass space (diffusion) ® Double-A halo mass function
= Random walk of DM particles ® Double-y halo density profile
= Halo mass function and density profile share the same origin and similar functional form.
= No critical density ratio 6c or spherical/ellipsoidal collapse model required
Energy cascade with a constant rate g, (m?/s?)

" 2/3 law for kinetic energy v« (g,1)*? In propagation range, all

" 5/3 law for enclosed mass, mx &,°G'r>? « quantity by ¢, G, and r
= -4/3 law for halo density, p,x € 23G-1r43

= The fundamental origin of cascade on the smallest scale (uncertainty principle)?

The smallest scale dependent on the nature of dark matter:

"= Collisionless dark matter: r, « (g, Gh)'sp DM particle mass & properties 4@ All quantity by ¢, G, and &

= Self-interacting dark matter: r, o g,°G~(c/m)’ mp the smallest structure @ All quantity by ¢, G, and 6/m
The largest scale determined by u,, ¢, and G ® the largest halo & its properties 4m All quantity by €, G, u,, a

Velocity/density correlation/moment functions

The maximum entropy distributions in dark matter
Energy cascade for the origin or MOND acceleration
Energy cascade for the baryonic-to-halo mass relation
Energy cascade for SMBH-galaxy co-evolution
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