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STATUS OF THIS FIELD

1. Youcan be known for di-sco(tering or add(essing something fuhda_mental
2. TI"\'e're are more questionsthan the'Ories'and answers

: » e s
» 3. The duty-cycle of making yourl own hypothesis and then test it is short

4.- This field is under-credited and is presently not particularly hot ®




Why Star-Formation Matters




Why Star-Formation Matters

How the Universe formed?
(cosmology, large-scale structure formation)

How the Milky Way formed?

(galaxy evolution, Galactic archaeology)



Stars Make Galaxies and the Parent Dark Halo Visible to us

Environment of massive disk galaxies at z=8

Views of Stellar disk
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Views of Gaseous disk
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The BlueTides simulation

0.7 trillion particles
0.65 million cores

BLUE WATERS

SUSTAINED PETASCALE COMPUIING
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Environment ofmost massive blackhole at z=8

40 Mpc/h Feng et al. 2015




Uncertain Baron Physics

(1) Halo Occupation Distribution  (2) Kennicutt-Schmidt Law  (3) Gao-Solomon Relation



Uncertain Baron Physics

(1) Halo Occupation Distribution

(i) How sub-halos (candidates

of galaxies ?) accrete
baryonic material? And

how feedback and other

physics quench the
accretion (e.g., AGN
feedback, ram pressure
stripping in a galaxy

cluster). The observations

of inter-galactic medium

(IGM) are to address these

issues.

How the first-generation

stars (also known as the

Population Il stars)
formed, and what were

their roles in shaping the

visible universe?

(2) Kennicutt-Schmidt Law

(3) Gao-Solomon Relation
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log [Xg;, (M, year kpc?)]

Uncertain Baron Physics

(1) Halo Occupation Distribution

(2) Kennicutt-Schmidt Law
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log [X;, (M, year' kpc?)]

Uncertain Baron Physics

(1) Halo Occupation Distribution  (2) Kennicutt-Schmidt Law
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Uncertain Baron Physics

(1) Halo Occupation Distribution

(2) Kennicutt-Schmidt Law
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Uncertain Baron Physics

(1) Halo Occupation Distribution  (2) Kennicutt-Schmidt Law (3) Gao-Solomon Relation
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Uncertain Baron Physics

(1) Halo Occupation Distribution

(2) Kennicutt-Schmidt Law (3) Gao-Solomon Relation
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Uncertain Baron Physics

(1) Halo Occupation Distribution

(2) Kennicutt-Schmidt Law
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Uncertain Baron Physics

(1) Halo Occupation Distribution  (2) Kennicutt-Schmidt Law  (3) Gao-Solomon Relation
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Uncertain Baron Physics

(1) Halo Occupation Distribution  (2) Kennicutt-Schmidt Law  (3) Gao-Solomon Relation
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Uncertain Baron Physics

(1) Halo Occupation Distribution  (2) Kennicutt-Schmidt Law  (3) Gao-Solomon Relation
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Stars Form in Clusters (Multiplicity is Essential)




Stellar Initial Mass Function
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M, .x — M, relation

Weidner, Kroupa, Bonnell 2010,MNRAS, 401, 275
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A Simplified Picture of Interstellar Medium

1 pc = 3x10%°® meters

Dense Molecular Clump/Core (1-102 M) 20 pc

O < >

<>
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en (103-10° M)

Atomic Hydrogen



A Simplified Picture of Interstellar Medium

1pc=3 log(N(H,)) (cm™)
22.0 22.5 23.0

48.00s 36.00s 24.00s 12.00s  18h09m00.00s
Lin, Yuxin et al. 2016, ApJ, 828,32 R.A. (J2000)



A Simplified Picture of Interstellar Medium

1pc=3 log(N(H,)) (cm™)
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Lin, Yuxin et al. 2016, ApJ, 828, 32 R.A. (J2000)



Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

Mmass.

dp =
L 4V-
ot

momentum

(p9) =0

a(Pvi)i
ot

+V - ((pv)d)i=0

Momentum density p; = pv;




Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

mass.
p -
—+ V- D) = 0
momentum:
d(pv; .
(gt i) i1+V- ((pvi)ﬁ)'l\ =0 Momentum density p; = pv;
da(p) a(v;)

V; + P + (ajp)vlv] + p(ajvl)v] + pvl(ajv]) =0

ot at



Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

mass:
p - .
T 4y. =0
5 TV (V)
momentum:
d(pv;) , .
T i+ V ((pv )U)l =0 Momentum density p; = pv;
a(p) 0(v )
- + (0 p)vvj+p(6v)v]+pv(6v])—0

Vp



Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

mass:
p - .
—+ V- =0
e, (pv)
momentum:
d(pv;) .
T i+ V ((pv )U)l =0 Momentum density p; = pv;
a(p) a(v )
- + (0 p)vvj+p(6v)v]+pv(0v])—0
Vp
L

V; (Vp . '1_7))



Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

mass:
dp = N
T +V-(pv)=0
momentum:
d(pv;) .
T i+ V ((pv )U)l =0 Momentum density p; = pv;
0 6
(,0) (v) + (0 p)vvj+p(6v)v]+pv(0v])—0
ot | ,
Vp p(B-(Vv)) PV (V-9)

V; (Vp . '1_7))



Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

mass:
p -
—+ V- D) = 0
momentum:
d(pv; .
(gt i) i1+V- ((pvi)ﬁ)'l\ =0 Momentum density p; = pv;
a(p) a(v;) L L o
—v;+p L +vi(V,0 -v)+,0(v.(Vvl-))+pvi(V.v) =0

at ot



Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

Mmass.

dp = S
—4+V. =0
5 (pv)

momentum:

d(pv;)
at

i+ V ((pv )U)l =0 Momentum density p; = pv;

o) )
ot TP Tt

v; a(gp)+(Vp v)+p(V v)]+p[ al)+v (Vvl)]—O

+ v; (Vp v) + p(v (Vvl)) + pv; (V v) =0




Criterion for Self-Gravitational Fragmentation

Equation of Continuity:

Mmass.

dp = S
—4+V. =0
5 (pv)

momentum:

d(pv;)
at

i+ V ((pv )U)l =0 Momentum density p; = pv;

o) )
ot TP Tt

v; a(gp)+(Vp v)+p(V v)]+p[ al)+v (Vvl)]—O

+ v; (Vp v) + p(v (Vvl)) + pv; (V v) =0




Criterion for Self-Gravitational Fragmentation

Equation of Continuity (force free):

Mmass.

dp = S
—4+V. =0
5 (pv)

momentum:

d(pv;)
at

i+ V ((pv )U)l =0 Momentum density p; = pv;

a(p) d(v;)
ot PP T

v, M+ Voo +p(V-ﬁ)]+p[ gl)+v (Vvl)]—O
]

+ v; (Vp v) + p(v (Vvl)) + pv; (V v) =0




Criterion for Self-Gravitational Fragmentation

Equation of Continuity (force free):

Mmass.

dp = S
—4+V. =0
5 (pv)

momentum:

a(v;)
P [ ot

+6-(Vvi)] =0



Criterion for Self-Gravitational Fragmentation

Equation of Continuity (with pressure P and gravitational acceleration §):

Mmass.

0 L% () =0
ot Py =

momentum:

d(pvy) . = R = \
g: P+ V- ((pv)v)i = [—(VP)i + pgi] )




Criterion for Self-Gravitational Fragmentation

Equation of Continuity (with pressure P and gravitational acceleration §):

Mmass.

0 L% () =0
ot pY) =

momentum:

d(pv;) . = A~ = . A Poisson Equation
atl i+ V- ((pvl-)v)l = [—(VP)i — p(qu)i] ) V2¢ = 4nGp




Criterion for Self-Gravitational Fragmentation

Equation of Continuity (with pressure P and gravitational acceleration §):

Mmass.

0 L% () =0
ot Py =

momentum:

o(v,)) . = . = - A Poisson Equation
P [ ot +v- (V”Ul)] I = [—(Vp)l — p(qu)l] l v2¢ — 47TGp




Criterion for Self-Gravitational Fragmentation

Equation of Continuity (with pressure P and gravitational acceleration §):

Mmass.

0 L% () =0
ot Py =

—

momentum:
(vp) Poisson Equation
l

o) . < _ - B
n +7-(Vv;) = — . —(ng)i V2 = 4nGp




Criterion for Self-Gravitational Fragmentation

Equation of Continuity (with pressure P and gravitational acceleration §):

Mmass.

dp = .
—4+V. =0
P (pv)

momentum:

a(v;) (VpP). Poisson Equation
l - — _ i 5
+7-(Vv;) = — — (Vo) V¢ = 4nGp

dt P i

Equation of state
Perturbation theory P = c,%p,
c; =isothermal sound speed

P =pPotP1, Po>>pP1, Vpo =
| P=P,+P, Py»P,, VP,=0
1}):1})0"'1_7)1, 1})():0

P =dot D1, Do D> Py

Plugging into the two equations of continuity, and the Poisson equation



Criterion for Self-Gravitational Fragmentation




Criterion for Self-Gravitational Fragmentation

- dpy = SN
W + ,OOV y Ul = (1)
I _
POW = —Cs"Vp1 — poVy (2)
_ V%9, = 4nGp, (3)
4 3%p4 vy
o) = 5@ TPV =0



Criterion for Self-Gravitational Fragmentation

i apl - —
W + OV y v1 = (1)
] E - _ 26 _ ﬁ’
Po ot Cs“Vp1 — poVh1 (2)
. V2¢, = 4nGp, (3)
v
4 3%p4 S 0vy _
E(]‘) 2 2 + OV .E - O
]
6thl —¢s?V2p; — poVipy = 0 (4)
2
= aatpz1 —¢,2V?p, — 4nGpop, = 0 (9)

2

Dispersion relation aatpzl —¢,2V2%p, = 4mGpyp,




Criterion for Self-Gravitational Fragmentation

i apl - —
W + OV y v1 = (1)
i E = —c.2Vp, — 0.V -
Po ot Cs“Vp1 — poVh1 (2)
_ V%9, = 4nGp, (3)
v
4 3%p4 S 0vy _
E(l) 2 2 + OV 'E — O l
d
6thl —¢s?V2p; — poVipy = 0 (4)
2
= aatpz1 —¢,2V?p, — 4nGpop, = 0 (9)

2
let p, « pi(k-i-wt)

Dispersion relation aatpzl —¢,2V2%p, = 4mGpyp,

= —w? + k?c,? = 4nGp,

= w? = k?c,? — 4nGp,



Criterion for Self-Gravitational Fragmentation

i apl - —
W + OV y v1 = (1)
i E = —c.2Vp, — 0.V -
Po ot Cs“Vp1 — poVh1 (2)
_ V%9, = 4nGp, (3)
v
4 3%p4 S 0vy _
E(l) 2 2 + OV 'E — O l
d
6thl —¢s?V2p; — poVipy = 0 (4)
2
= aatpz1 —¢,2V?p, — 4nGpop, = 0 (9)

2
let p, « pi(k-i-wt)

Dispersion relation aatpzl —¢,2V2%p, = 4mGpyp,

= —w? + k?c,? = 4nGp,
— w? = kZCSZ — 4G p, define k] _ |4mGpo
cg2




Criterion for Self-Gravitational Fragmentation

i apl - —
W + ,OOV . v1 — (1)
§ ovy L= .
POW = —Cs"Vp1 — poVy (2) —
_ V%9, = 4nGp, (3)
v
3 3%p, 077
o (1) = G TPV 5 =
2
6thl —¢?V2p; — poVipy = 0 (4)
= P22, 4nGpep, = 0 (5)
5c2  Ss VP TG pPopPr =
2
Dispersion relation aatpzl —c*V%p, = AntGpyp, let p, o ei(EF-1)

= —w? + k?c,? = 4nGp,

= w? = k?c,? — 4nGp, define k, =

47TGp0
2

Cs

When [k < k;, w* <0, perturbation grows exponentially
k >k;, w®>0, perturbation oscillates




Criterion for Self-Gravitational Fragmentation

477:Gp0
2

define k; = (Jeans length)
J

Cs

When [k < k;, w® <0, perturbation grows exponentially
k >k, w? > 0, perturbation oscillates



Criterion for Self-Gravitational Fragmentation

477:Gp0
2

define k; = (Jeans length)
J

Cs

When [k < k;, w® <0, perturbation grows exponentially
k >k, w? > 0, perturbation oscillates



Criterion for Self-Gravitational Fragmentation

477:Gp0
2

define k; = (Jeans length)
J

Cs

When [k < k;, w® <0, perturbation grows exponentially
k >k, w? > 0, perturbation oscillates

k = 7” = perturbation grows exponentially when

A> A = i—’}r = ¢, G—ZO (Jeans length)




Criterion for Self-Gravitational Fragmentation

4-17:Gp0
2

define k; = (Jeans length)
J

Cs

When [k < k;, w® <0, perturbation grows exponentially
k >k;, w?>0, perturbation oscillates

k = 7” = perturbation grows exponentially when

A> A = i—" = ¢; |— (Jeans length)
]

= mass of perturbation

4 2.] 3
M, gn(—) : (Jeans mass)

2

An initially uniform and quiescent molecular cloud will fragment into sub-
structures of Jeans masses. The spatial separations of these sub-structures
are approximately the Jeans length.



Criterion for Self-Gravitational Fragmentation

4-17:Gp0
2

define k; = (Jeans length)
J

Cs

When [k < k;, w® <0, perturbation grows exponentially
k >k;, w?>0, perturbation oscillates

k = 7” = perturbation grows exponentially when

A> A = % = ¢, G—ZO (Jeans length)

= mass of perturbation

3
M; = gn (ﬂ) Po (Jeans mass)

An initially uniform and quiescent molecular cloud will just collapse to form
a black hole.
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What was the problem?

(1) Linearization works OK with the 1st order equations,
but does not make sense at the 0th order

p=pot P, Po>pP1, Vpo=0
P=P,+P,, P,>»P, VP,=0
1})=60+1}>1, 1})0=0

P =Pt P1, Do D> Py

Oth order momentum eq.



What was the problem?

(1) Linearization works OK with the 1st order equations,
but does not make sense at the 0th order

p=po+p1, Po>>p1, Vpp=0
| P=P,4+P, Py»P, VP,=0
1})=1})0+1}>1, 130=0
=Pt d1, Do D> Py
o) . (vP),
S+ U (V) = - R —(v9).

= (Vpo)i =0= PO(V(Po)i

— Vo, = 0 = V3¢ = 0 # 471G p,

Oth order momentum eq.

An initially quiescent cloud cannot exist. A finite-sized cloud will undergo

gravitational contraction.



What was the problem?

(1) Linearization works OK with the 1st order equations,
but does not make sense at the 0th order

p=pot P, Po>pP1, Vpo=0
P=P,+P,, P,>»P, VP,=0
1})=1})0+1}>1, 130=0

=Pt d1, Do D> Py

= (Vpo)i =0= Po(ﬁfpo)i

— Vo, = 0 = V3¢ = 0 # 471G p,

Oth order momentum eq.

An initially quiescent cloud cannot exist. A finite-sized cloud will undergo

gravitational contraction.

(2) The growing timescale is minimized when |w?| is maximized at k = 0

Global collapse has a shorter characteristic w? = k?*c,? — 4nGp,

timescale than perturbation growth



An initially uniform molecular cloud cannot
fragment to form a cluster of star



An initially uniform molecular cloud cannot
fragment to form a cluster of star

To make cloud fragmentation efficient, we need to
make the global free-fall timescale larger than the local
free-fall timescale

- 3m
1T 116Gp




An initially uniform molecular cloud cannot
fragment to form a cluster of star

To make cloud fragmentation efficient, we need to
make the global free-fall timescale larger than the local
free-fall timescale

3T
ter = c.f. Larson, R. D. 1985, MNRAS, 214, 379
2 / 16Gp

Molecular gas mass needs to be concentrated to
sheets or filamentary structures




My Proposals

MasSIVE MOLECULAR
FILAMENT, OF FEW PC
LINEAR SIZE SCALE

DENSE MOLECULAR CORES WITH
JEANS LENGTH SEPARATIONS

_____________________________

10 pc

Liu, H. B. et al. 2012, ApJ, 745, 61






A Tomographic View in the 3CO Velocity Channel Map

Velocity Range: -8 ~ 3 km/s
Velocity Resolution: 0.1 km/s

Color Scale: Tg in Kelvin
Taken by Hauyu Baobab Liu, with IRAM 30m Telescope
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OB Cluster-forming Regions in Actual Observations

(A)

G33.92+0.11 *  spe
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- G10.6-0.4
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Galvan-Madrid, R.. et al. 2013, A&A, 779, 121



G10.6-0.4

G10.6-0.4

R: 8 um: G: 4.5um;
B dnd Contours: 1.2 mm

~

o
Liu, H. B. et al. 2012, ApJ, 745, 61
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Face-On

(A)

G33.92+0.11

G20.08-0.14




Flattened, gravitationally unstable rotating structure
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Flattened, gravitationally unstable rotating structure
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Flattened, gravitationally unstable rotating structure

Thickness = 0.05 [pc] + 0.3 x sqrt( radius[pc] / 0.3)
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2 —— Jeans length = Linking length
3.00 1 o .- —-= Jeans length = Linking length x 0.5
------ Jeans length = Linking length x 1.5
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Liu, H. B. et al. 2019, ApJ, 871, 185



Summary — What we do not understand
Kennicutt-Schmidt Law & Gao-Solomon

Relation

Stellar Initial Mass Function
Energetic and Kinematics 1n the Star-
forming Molecular Clouds

1. Role of turbulence
2. Role of magnetic field
3. Role of Feedback and cloud-cloud collision, galactic dynamics, etc.

The origin of SMBH and the formation
of the M-o relation



