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-

Stars shape the universe.

-’

> Stars represents only a few % |
of the mass of a galaxy

» But they play a key role in
the galactic ecosystem
» gravitational potential
» injection of energy via
feedback
metal enrichment

Image Credit: NASA, ESA, CSA, STScl; Processing Copyright: Robert Eder
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~Stars fOrmSoU? e dense ‘F é}vnterSteIIar I\/Iedlum

Image Credit: NASA ESA CSA STScl WeUB ERO Pr
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| - Introduction Il - K||oparsec simulations Il - Full galactlc simulations IV Concluslons

Stars fo_'r_ms'Out."‘Qf"‘ : :" : ? édnterSteIIar I\/Iedlum

What is the ISM?“
Space between the stars
> ~ 99 % gas (by mass)
(H/HII/Hy 70 %, He 28 %)
» ~ 1 % dust grains
Main drivers of the ISM
» Hydrodynamics

» Gravity

» Cooling/Heating

» Chemistry

» Magnetic field (MHD)
> Stars

* Image Credit: NASA, ESA, CSA STScI Web‘B ERO Produc _|<f)ynTe§m;}",, e
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| - Introduction |l - Kiloparsec simulations Ill - Full galactic simulations 1V - Conclusions

The matter cycle ."Arf,the'Sf;

Warm Neutral Medium (WNM)  Cold Neutral Medium (CNM) Molecular clouds

T=~10-50K

ng ~ 102 — 108 cm =

T ~ 5000 K
ng ~ 0.6 cm™3

T ~100 K
ng ~ 30 cm™3

h h N
S W
upernovee \V/
r
(SN) UV rays
T2 10°° K T~10*K
ng ~4x 1073 cm™3 ng ~0.3—10° cm™® data from Draine 2011

Hot lonized Medium (HIM) lonized HII regions Stars
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| - Introduction |l - Kiloparsec simulations Ill - Full galactic simulations 1V - Conclusions

The star formation rate (SFR)

Mass of star formed by unit of time

Observation of the SFR

@ Measuring the light emission let us
know the mass of young massive stars
Far-UV (FUV) rays
Direct emission by massive stars
o A fraction is absorbed

o4

-7

w (»
X = Observer

Infrared (IR) rays
Re-emitted by the dust

deducted measured
N

The initial mass
function enables to
recover the total SFR

log M,

Noé Brucy Regulation of Star Formation

The Schmidt-Kennicutt faw

relation (

log [Z5e(M, year kpc?)]

-

o

U
[N

-2

-4

Starburst

SK)

:

Galaxy type
* Normalfirregular
% Low surface brightness

Infrared-selected
* Circumnuclear -
o Metal-poor 4
o/ m
=
-

log [Z4,s (M, pc3)]
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What triggers stops star formation?

because gravity would consume all the gas quickly

Maen,
SFRypay &~ —% 460 M, - yr— !

free—fall

> SFRops = 2 M cyr~ L

Noé Brucy Regulation of Star Formation 1/11/2022 5



| - Introduction

What stops star formation?

A natural candidate: stars themselves! (via stellar feedback)

N

Photoionisation

More stars — more feedback — less star formation. Self-regulation?
1/11/2022
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| - Introduction

What stops star formation?
Magnetic field

» Magnetic pressure e , . )if/f ]
T
B2 100
Pmag N Q % 10
» Magnetic tension
T o (B-V)B
mag — 47'( o 10 1‘05 10

Crutcher et al.
EqUipartition: Emagnetic ~ Eturbulent ~ Ethermal ~ Estarlight ~ Edust emission
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| - Introduction

What stops star formation?

Turbulence

og(E(K) . Slopeof - 5/3 Turbulence can be composed of

‘ Advection-dominated zone. > Compressive mOdeS

@@% SRR G

i
|
i
|
i -
!
|
i
|

Energy cascades down
from large to small scales

K
VNI

TN o e
ALY

log k;

Dissipation scale

Scale of energy injection

Richardson cascade for
incompressible turbulence .
P » or solenoidal modes

Characterized by its strength ¢ and compressibility y
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| - Introduction Il - Kiloparsec simulations Il - Full galactic simulations IV - Conclusions

Goals

» What is the more efficient
process that quenches star
formation?

» What regulates star formation?

» |t is the same for all galaxies?

Outline

| - Introduction
A - Star Formation
B - Quenching of star
formation
Il - Kiloparsec simulations
A - Stellar feedback
B - Large scale turbulence
[Il - Full galactic simulations
IV - Conclusions

Noé Brucy Regulation of Star Formation 1/11/2022 9



- Introduction
Physics
Hydrodynamics
Gas gravity

Stars and dark matter gravity

Star formation

Stellar feedback

Magnetic field

Turbulence (-]

Scale

Small: < 10 pc
- Atoms: 1072% pc
+ Stars: 1078 to 107> pc

1 Protoplanetary disks: 107* pc

e Star clusters: 1 pc

Medium: 1 pc to 1 kpc
® HIl regions: 10 pc
@® SN shells: 100 pc
Molecular clouds: 100 pc

Large: 100 pc to 20 kpc

¢ Galaxy : 10 kpc

Noé Brucy Regulation of Star Formation 1/11/2022
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| - Introduction |l - Kiloparsec simulations Ill - Full galactic simulations 1V - Conclusions
Hydrodynamics

Gas gravity Medium: 1 pc to 1 kp

Stars and dark matter gravity

Star formation

T
>

<
L

0

(0]

Outline

Stellar feedback 'sn B vl Fuv | - Introduction
[l - Kiloparsec simulations
Il - Disk simulations

IV - Conclusions
Turbulence

Magnetic field

Noé Brucy Regulation of Star Formation 1/11/2022
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| - Introduction |l - Kiloparsec simulations Ill - Full galactic simulations 1V - Conclusions
Scale

Hydrodynamics

Gas gravity Medium: 1 pc to 1 kpc

Stars and dark matter gravity

Physics

pricsnine

Gas gravity [Medium: 1 pc to 1 kpc
Stars and dark matter gravity) Large: 100 pe to 20 kpe

Large: 100 pc to 20 kpc

Star formation Outline

Stellar feedback | - Introduction
Il - Kiloparsec simulations
[1l - Disk simulations

IV - Conclusions
Turbulence (o]

il

Noé Brucy Regulation of Star Formation 1/11/2022
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Il - Kiloparsec simulations

Il - Kiloparsec simulations

Outline

Il - Kiloparsec simulations
A - Stellar feedback
B - Large scale turbulence

Brucy+ 2020,

Brucy+ 2022 (subm), with a
glimpse of Brucy & Hennebelle,
2023 (in prep.)

Noé Brucy Regulation of Star Formation 1/11/2022 11



Il - Kiloparsec simulations

Kiloparsec simulations

T T T T T T T T T

3r Galaxy type 7
» * Lowsurface bighiness /|

B " ig -/
Goals We focus what quenches the 2 £[" Croummcenr Y A

. . . & Lo Metal-poor :

SFR in dense environments, and in o -© Metal-poo ]
particular g .
x Role of stellar feedback 5 o i
O Role of large scale turbulence € | Highz galaxies 1
g -1 -
U Role of magnetic field g ]

Can these processes explain the
observed SFR from the

-3 4

Schmidt-Kennicutt (SK) relation? e ]
4 .V W | : L | 1 1

0 1 2 3 4 5

log [Z4,s (M, pc?)]
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| - Introduction Il - Kiloparsec simulations I1l - Full galactic simulations 1V - Conclusions

Main simulation setup

MHD simulations with Ramses

» MHD equations + cooling
g P> Star formation and feedback
~  » No very hot gas (> 10° K)

Initial conditions
) 2
> o(2) = noexp (—5 (%) )
( 1 kpc a

» Stellar and dark matter potential

Roughly similar setup: RY:
FRIGG, TIGRESS, SILCC. > Bx(z) = Boexp (—5 <_o) )

Noé Brucy Regulation of Star Formation 1/11/2022 13



| - Introduction Il - Kiloparsec simulations I1l - Full galactic simulations 1V - Conclusions

Scale

Hydrodynamics Small: < 10 pc

Gas gravity Medium: 1 pc-1 kpc

Stars and dark matter gravity Large: 100 pc to 20 kpc

-
=

<
L

9)

(0]

Star formation

Stellar feedback FUV

QOutline

Il - Kiloparsec simulations
A - Stellar feedback

Magnetic field
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| - Introduction Il - Kiloparsec simulations I1l - Full galactic simulations 1V - Conclusions

Physics Scale

Medium: 1 pc to 1 kp
o J]

Magnetic field

Outline

Il - Kiloparsec simulations
A - Stellar feedback

Noé Brucy Regulation of Star Formation 1/11/2022
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Il - Kiloparsec simulations

A - With only stellar feedbacks

¥ =38.7 Mg, - pc~>. Face on views of column density (left) and midplane density (right).

time = 39.6 Myr

Noé Brucy Regulation of Star Formation 1/11/2022



Il - Kiloparsec simulations

A - With only stellar feedbacks

Column density maps

Zo. 0 = 19.4154.1 MyT 5o 00 = 387565 Myr_So g0, = 77.4 | 622

Noé Brucy Regulation of Star Formation 1/11/2022



A - With only stellar feedbacks

T T T T
L Kennicutt+2012 (Normal/irregular) i

%  Kim+2020 (R models)
@ NOTURB (Self regulated)

-

log(Zser [Mo. yr=*. kpc=21)

1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
log(Z [Mo.pc™2])

Stellar feedback is sufficient in Milky-Way like galaxies ... BUT is
too weak in high-z galaxies.

Noé Brucy Regulation of Star Formation 1/11/2022 16



Il - Kiloparsec simulations

B - The influence of larger-scale dynamics: turbulent driving

Turbulence from galactic dynamics

» Spirals, mass transfert —
turbulence (eg. Krumholz+ 2018)

Noé Brucy Regulation of Star Formation 1/11/2022 17



Il - Kiloparsec simulations

B - The influence of larger-scale dynamics: turbulent driving

Turbulence from galactic dynamics

» Spirals, mass transfert —
turbulence (eg. Krumholz+ 2018)

» Expected injected power:
Prs o< X or Prg oc ¥3°

An extra 2D force is added to

f(x,t) = I.msx/ F(k,t)eik*q3k | generate random motion at scales
between 300 and 1000 pc.

Noé Brucy Regulation of Star Formation 1/11/2022 17



| - Introduction Il - Kiloparsec simulations I1l - Full galactic simulations 1V - Conclusions

Scale

Hydrodynamics Small: < 10 pc

Gas gravity Medium: 1 pc-1 kpc

Stars and dark matter gravity

Large: 100 pc to 20 kpc
Star formation

Stellar feedback FUV

-
=

<
L

9)

(0]

QOutline

Il - Kiloparsec simulations

Magnetic field

B - Large scale turbulence
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| - Introduction Il - Kiloparsec simulations I1l - Full galactic simulations 1V - Conclusions
Scale
Hydrodynamics

Gas gravity Medium: 1 pc to 1 kpc

1

Stars and dark matter gravity

o
=

<
L

0

(0]

Star formation

Stellar feedback m

Magnetic field

Turbulence B - Large scale turbulence

Outline

Il - Kiloparsec simulations
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Il - Kiloparsec simulations

Power needed to retrieve the Schmidt-Kennicut relation

log(Z [Mo.pc™2])

L L L I L B T T T T T T
1k Kennicutt+2012 (Normal/irregular) i Power from supernovae

| % Kim+2020 (R models) 1035 & (assuming SK) -

L TURB (driven turbulence) Turbulent energy needed

L NOTURB (self regulated) to reproduce SK

r 1034 -
= O0fF 0
< -
g L
% | 1033 L e
Tt =
>-1r @
21 g 107 ;
= a
o L
gL
S b 103! .
Ke] L

L 1030 L E

-3}
L . . . . 10%° i, I 3
0.5 1.0 1.5 2.0 25 10t 10?

20,gas [Mo -PCfZ]

Stellar feedback is not powerful enough to quench star formation.

Noé Brucy Regulation of Star Formation
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Il - Kiloparsec simulations

Conclusion of part Il

1} s oy 1
* Role of stellar feedback. TURB (arven turbulence)
@ TURB_BVAR (B xVX)
* Not powerful enough to quench star o o ® NomRetarresuaed |, ]
formation in gas-rich galaxies 8
O Role of large scale turbulence. ;:-1* 1
(9 A suitable candidate for gas-rich F
galaxies g2 ]
O Increase speed dispersion and
anisotropy r ]
O Solenoidal driving 10x more efficient o5 TS a0 s

log(Z [Mo.pc2])

Noé Brucy Regulation of Star Formation 1/11/2022 19



| - Introduction |l - Kiloparsec simulations |1l - Full galactic simulations 1V - Conclusions

IV - Full galactic simulations

Outline

Galactic disk of Mi01
(personal work) - Il - Full galactic simulations

Noé Brucy Regulation of Star Formation 1/11/2022 20



11 - Full galactic simulations

Constraining the turbulent driving
Is the turbulence we inject realistic ?
What would be a realistic turbulent driving at these scales for gas-rich
galaxies?
» analytical models (gravoturbulence (Nusser+2022), radials motions
(Krumholtz42018), accretion from outside the galaxy (Forbes+2022))
» observational constraints (PHANGS, Sun+2022),
» galactic scale simulations.

Noé Brucy Regulation of Star Formation 1/11/2022 21



11 - Full galactic simulations

Constraining the turbulent driving
Is the turbulence we inject realistic ?
What would be a realistic turbulent driving at these scales for gas-rich
galaxies?
» analytical models (gravoturbulence (Nusser+2022), radials motions
(Krumholtz42018), accretion from outside the galaxy (Forbes+2022))
» observational constraints (PHANGS, Sun+2022),
» galactic scale simulations.

Work in progress: galactic scale simulations and measure turbulence

Noé Brucy Regulation of Star Formation 1/11/2022 21



| - Introduction |l - Kiloparsec simulations |1l - Full galactic simulations 1V - Conclusions

Scale

Hydrodynamics Small: < 10 pc

Gas gravity Medium: 1 pc-1 kpc

Stars and dark matter gravity

Large: 100 pc to 20 kpc
Star formation

Stellar feedback FUV

-
=

<
L

9)

(0]

QOutline

[11 - Full galactic simulations

Magnetic field
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| - Introduction |l - Kiloparsec simulations |1l - Full galactic simulations 1V - Conclusions
Scale

Hydrodynamics
Gas gravity Medium: 1 pc to 1 kpc

Stars and dark matter gravity

I |
=
<
L
0
()]

Large: 100 pc to 20 kpc

Star formation

Stellar feedback

Outline

[l - Full galactic simulations

il

Turbulence Jf )
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11 - Full galactic simulations

Column density maps

F20 time = 100 Myr F30 time = 106 Myr

F40 time = 102 Myr

y [kpcl
-
A
3 [Mo. pc?]

=5 0 -5 0 15 -15 -5 0 15
x Tkocl x Tkocl x Tkocl

Gas Fraction: 20 % 30% 40%

Noé Brucy Regulation of Star Formation 1/11/2022 22



11 - Full galactic simulations

First insights

Sectors extraction

2.0
1.5
o
Q
:
=
05
b :
. 0.0
-0.5
Sector extraction Position of the extracted sectors
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11 - Full galactic simulations

SFR and Schmidt-Kennicutt law

F20H_7_1pc F30H_7_1pc F40H_7_1pc
T I T T LR B B LELERRR B B
of 1Tk JA JA JA Hioe
= 7/ 1 I 1 [ 7
T 1 L 1 ¢ ]
> ] 108 @
2 ] Z
F 1t 1t 18 8
LVL’ : 1072
> ]
o - - - - -
o 1 k.
106
N7/ N L./ A L./ A
0 1 2 3 0 1 2 3 0 1 2 3
log(% [Mo.pc™2]) log(% [Mo.pc™2]) log(% [Mo.pc™2])
Gas Fraction: 20 % 30% 40%
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11 - Full galactic simulations

Comparison between kpc boxes and full galaxy simulations

Preliminary results on velocity dispersion for a galaxy with 30 % gas fraction

3.0 @ Feedback only ]
+ Medium driving il 10°
2.5F * Strong driving i ]
g 2.0p ] = 1oﬂﬁ
2 )
= €
2 15F 1 2 :
o Q n
3 g £
Z10f ] g 107
0.5 ]
108
0-0— L L L L L L L ] . 7/
AT ! ! ! !
00 05 1.0 15 2'0_2 25 3.0 05250 05 10 15 20 25 30
109(Z0,gas) [Mo .pc™] 10g(Z [Mo.pc2])
Box simulations Galactic simulation
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11 - Full galactic simulations

Comparison between kpc boxes and full galaxy simulations

Preliminary results on velocity dispersion for a galaxy with 30 % gas fraction

T T

1 F20
F30

125F 1 F40

1.00F 1
0.75 1
0.50 1

0.25 3

L I I 1
0.00 0.0 0.5 1.0 15 2.0 2.5 3.0

Odisk/ 0 [km.s™1])

Turbulence is less strong and anisotropic than our requirements in
kpc simulations

Noé Brucy Regulation of Star Formation 1/11/2022 26



IV - Conclusions

Summary

38.6 Myr

109(£) [Mo. pc=2]

» Feedback regulation is suitable in
Milkay-way like galaxies but not in

. : . g

higher column density environnments,

» The turbulence from large scale motions
in the galaxy interacts

» Galactic simulations can be used to
constrain turbulent driving at the
kiloparsec scale.

Noé Brucy Regulation of Star Formation 1/11/2022 27



IV - Conclusions

Perspective

» Completion of the parameter study at the kiloparsec scale
» Better understanding of the turbulence injection

» Fourier analysis of the galactic scale simulation
» Tracking where the turbulent energy come from
» Add magnetic field

» How much the SFR is quenched? (this work) — How?

» Work on the link between SFR and turbulence
» Similar work on feedback

Noé Brucy Regulation of Star Formation 1/11/2022 28



Physics

Hydrodynamics
Stars and dark matter gravity

Star formation
Stellar feedback @ m

Magnetic field
e

IV - Conclusions

Scale

Small: < 10 pc

Medium: 1 pc to 1 kpc

Large: 100 pc to 20 kpc

Noé Brucy Regulation of Star Formation 1/11/2022
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_lsmfeed Turbox Fragdek Galowb
Appendix

Turbox Galturb
Fragdisk

Model for radial profiles

Q

Numerical turbulence

Equations

Initial conditions

Context & SOA

More results

Noé Brucy Regulation of Star Formation 1/11/2022 1



Ismfeed

With only stellar feedbacks

zogas_129MG pc-2 50_38;@

zogas_sanO pc-2 Bo—38uG

151

Mass [10® Mo ]
=
o
T

—_— Total mass accreted

SN mass over 20 Myr (x100)

—— Expected mass accreted

0.00

1 1
50 100 150
Time [Myr]

0,gas = 77.4 M. pc2, B = 3.8 UG

200

Mass [106 M, ]
N w
o o
T T

-
o
T

Noé Brucy

T T T
— = Total mass accreted

SN mass over 20 Myr (x100)
- Expected mass accreted

1 1
50 100 150
Time [Myr]

200

Mass [10% Mo ]

Mass [106 Mo ]

101

—_— Total mass accreted
SN mass over 20 Myr (x100)
—— /Expected mass accreted

1 1
50 100 150
Time [Myr]

30, gas = 155 Mo. pc2, By = 3.8 UG

200

125

100

~
vl
T

u
o
T

N
(&1
T

T T T
—— Total mass accreted

SN mass over 20 Myr (x100)

- Expected mass accreted

o
o

Regulation of Star Formation

T 1
50 100 150
Time [Myr]

1/11/2
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Is stellar feedback needed 7

o, = 19.4 My - pe?] So.gas = 774 M - pe?)
3.5 T T T T 30 T T T T
—— Driving + Feedback Driving + Feedback
—3.0F —=="Driving only =251 Driving only ]
f o5k —-— Feedback only A :E Feedback only
=7 S YgFR X E},;.‘\/A/"' = 20F Sorr < Shik 1
/ 8es gas

£ 20f / s~ ] 5
i ) . @ 15[ ]
[l ‘ / i
a 151 / Va | a
s ! s 10k 1
E ot ! E
- / -
Fosk ! L 5f E

0 0 L L L L 0 1 1 1 1

0 50 100 150 200 250 0 50 100 150 200 250
Time [Myr] Time [Myr]

Stellar feedback is necessary, but its importance decreases as the
gas column density increases.
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The influence of larger-scale dynamics: turbulent driving

Turbulence from galactic dynamics

» Spirals, mass transfert —
turbulence (eg. Krumholz+ 2018)

Noé Brucy Regulation of Star Formation 1/11/2022 4



The influence of larger-scale dynamics: turbulent driving

€ specific power injected Turbulence from galactic dynamics

v; typical speed at a scale /
og speed dispersion of the gas > Spirals, mass transfert —

turbulence (eg. Krumholz+ 2018)

3 -

e~ I (1) » Expected injected power:
/

PLS 0.8 Zg or PLS X 22'5
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The influence of larger-scale dynamics: turbulent driving

€ specific power injected Turbulence from galactic dynamics

v; typical speed at a scale /
og speed dispersion of the gas > Spirals, mass transfert —

turbulence (eg. Krumholz+ 2018)
3

I' o o3 > Expected injected :
€ ~ T X Ug, (1) Xpecte 4InJeC e powgr5
PLS X Zg or PLS X Zg
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The influence of larger-scale dynamics: turbulent driving

Vv
€~ T’ X 0’27 €Y Turbulence from galactic dynamics

Q@ Toomre parameter
k epicyclic frequency
Y, gas column density
G gravitational constant

» Spirals, mass transfert —
turbulence (eg. Krumholz+ 2018)

» Expected injected power:
Prs o Z4g or Prg Zé“r’
Oghk Oghk

Q= T5.G %

Noé Brucy Regulation of Star Formation 1/11/2022 4



The influence of larger-scale dynamics: turbulent driving

3
v
€~ II ocag, (1)

gh O'gﬁ

Q= 772 ¢ %, "~ RO T bulence from galactic dynamics

2 cases: Kk X Og Or constant

» Spirals, mass transfert —

turbulence (eg. Krumholz+ 2018
og x 9% or 0g x T, (3) (e )
» Expected injected power:

eocZé‘S oreoczz, (4) PLSO(Z; or PLSO(ZE’S

Noé Brucy Regulation of Star Formation 1/11/2022 4



The influence of larger-scale dynamics: turbulent driving

gh O'gﬁ

Q= 772 ¢ %, "~ RO T b lence from galactic dynamics

2 cases: Kk X Og Or constant

» Spirals, mass transfert —

turbulence (eg. Krumholz+ 2018
og x 9% or 0g x T, (3) (e )
» Expected injected power:

eocZé‘S oreoczz, (4) PLSO(Z; or PLSO(Zé’S

PLs o< 22 or PLg x X3. (5)

with Prg the total power
injected.

Noé Brucy Regulation of Star Formation 1/11/2022 4



The influence of larger-scale dynamics: turbulent driving

Turbulence from galactic dynamics

» Spirals, mass transfert —
turbulence (eg. Krumholz+ 2018)

» Expected injected power:

f ' 4 2.5
f(X, t) = ﬂ'msx/ f(k, t)e’k'xd3k PLS & Zg or PLS X Zg

Model

An extra 2D force is added to
generate random motion at scales
between 300 and 1000 pc.

Noé Brucy Regulation of Star Formation 1/11/2022 4



With large-scale turbulence driving

¥ =38.7 Mg -pc~2, strong driving. Face on views of column density

38.6 Myr

Noé Brucy Regulation of Star Formation 1/11/2022 5



Ismfeed

Can we reproduce Schmidt-Kennicutt with turbulence

driving?
Column density maps

20,gas = 19.4 Mg. pc~2 30,gas = 38.7 Mo. pc? 30,gas = 77.4 Mg. pc=2

Noé Brucy Regulation of Star Formation 1/11/2022



Ismfeed

High magnetlc field

F T T T
1k Kennlcutt+2012 (Normal/lrregular) 2 —— Power from large scales
| i TURB_HB (doubled 5o) 10 F—— Ppower from supernovae E
I @ TURB_BVAR (Box V)
[ @ NOTURB_HB (doubled Bo), 1034 L i
= Of ES
&
) F 51033k 4
g | g
~ L o
7 o 032
[ r < 1032 .
>-1F §
[} 3 >
o
z 5107 E
P L =1
AT 3
o -2r 8100k 4
- <
[ 102 -
L TURB (driven turbulence)
-3+ 108 L T @ TURB_HB (doubledfo)
r 1 # TURB_BVAR (B V3)
o | USSR SN S ST S ST SR SR ST S S ST S SR S ST | n n n n PR |
0.5 1.0 1.5 2.0 2.5 10t 102
log(Z [Mo.pc™21) %0,qas [Mo.pc™?]

Even with higher B field, we cannot reproduce SK without injecting

turbulence
Noé Brucy Regulation of Star Formation 1/11/2




Velocity dispersion

2251 TURB
-=+- TURB_HB
-#-- TURB_BVAR
200F . TuRB HBVAR
--A-- TURB3D
1.75 | ~—®- NOTURB
-~ NOTURB_HB

log(auisk [km/s])

14

121

1.0

log(a; [km/s])

0.4

- TURB_BVAR
- TURB_HBVAR
- TURB3D

- NOTURB

- NOTURB_HB

TURB
TURB_HB

1 1
12 14 16 18
log(Z [Me. pc™2])

Noé Brucy

2.0 2.2 1.2

Regulation of Star Formation

1 1
1.4 1.6 1.8
log(2 [Mo. pc2])
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A word about velocity dispersion

T T T
e— Feedback only No feedback @ Feedback only X Strong driving

+ Medium driving % No feedback

—+— Medium driving —— o, 102+ B 20
102k Strong driving --== O2p —_/_,,—* | . ,\“u
Q
g v 1.8 EQ
g £ . =
o . & 101 H [ ] . 4 )
10 E o x+ X 163
o* g

1.4

0 1 1
10%5r 10? 10950 ot 102
%0, gas [Mo -pc2] oup [km/s]

Velocity dispersion measured in the simulations, where

oop = 1/0)2(4—0}2,/\/5.

The simulations with high 2D turbulent driving show a high
anisotropy, while simulations without driving are almost isotropic.
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Apodized Driving
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Further study (WIP): Link between SFR and turbulence
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Noé Brucy
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Turbox

Further study (WIP): Link between SFR and turbulence

0TRpe

fims £40°, x = 0| 14 Myr

Noé Brucy Regulation of Star Formation 1/11/2022



Further study (WIP): Link between SFR and turbulence

Using an idealized turbulent box

Power-law,

loj
pllogp) generated by gravity

Lognormal PDF,
generated by turbulence
‘ =
N 5
- — 32
=)
A <)
\ °
\
AN .OF & x=00 @ My simulations
] \ X=0.5 e Padoan & Nordlund 2011
x=1.0 == Hennebelle & Brucy (WIP)
og perit/ po log p/po 15 h. st . \ S
’ 1.0 15 2.0 2.5
Gas bound to form stars log(M)

» Goal: improve existing analytical SFR models for higher Mach number.
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Analytical model for filaments

» First try : pure hydrostatic model
» only self-gravity and pressure.

» We solved the Lame-Emden equations for a
cylindrical distribution.

» Does not convincingly match the simulations
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Analytical model for filaments

4,..,,.r..‘..,.,r..,,.,..,..,.: e
6 —0_—
@ ]
8 —*— ) *
] >
4 towards the
12 1 central object
1 1 P 1 F
=2 -1 0 1 2 3 4 F e

Filament

R/ (—gs)

Central object

Support due to differential rotation plays a role !
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Fragdisk

Analytical model for filaments

. . . . y :\/m shearing box
Simplifying assumptions: ;
. . . e ‘F
1. shearing box approximation,
. .y . P
2. mechanical equilibrium, x
3. gas is locally isothermal, ; Cons bt
4. filaments are thin. T .
o ilamen

Central object
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Fragdisk

Analytical model for filaments

Simplifying assumptions: ! =
1. shearing box approximation, ’ ‘F
2. mechanical equilibrium, %
3. gas is locally isothermal, ; Cons bt
4. filaments are thin. wuF ]
We end up with a integro-differential equation for
the normalized column density ¥ in the filament. o e
o _ /A ¥(0,y")D(y'.¥,€)dy’ +7. (1)
> 0
where . .
Dly.y',e) = —L Y y (2)

(y — y')? + &2 (Y )2t
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Fragdisk

Analytical model for filaments

log(Z)

log(Ex)

o

log(M,)
L

log(y)

Noé Brucy

B =8, time = 4.5 ORP

. 1.00 T T T
12
11 :
w
>~ 1.0 .
S
0.9
0'%.8 0.9 1.0 11 1.2
X

-05 -0.25
-1.0 -050
-15 -075
-2.0 -1.00
230

0.75F
0.50F
0.25F

0.00

. 1
-25 -20 -15 -10
log(ys)

» The model enables to build a sequence
of equilibrium (left)

» The model can be fitted to actual
filaments in the simulation (top)

» BUT the model cannot explain the slope
of the X-PDF (profile too stiff, PDF too
flat).
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Fragdisk

r [code units]
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y [rq]

y lral

Noé Brucy

Regulation of Star Formation

1/11/2022
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Alpha - Q =3

10° -—— time = 1.050RP —— time = 7.84 ORP .
time = 2.2 ORP = time = 10.7 ORP

= time = 4.94 ORP
10—2 -

1074

S}

10-6

-7

DEAN
/ === QReynolds -

10—8 -

Qgrav

0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25
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Ismfeed Turbox Fragdisk Galturb

HD equations

dp .
3¢ TV (ou)=0, (3)
Ou +u-Vu+ EVP = ————(cos(f)e, + sin(f)e;) (4)
ot p T 2422 rs “
E+V((E+P)u)=0 (5)

Figure: Coordinate system.
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Ismfeed Turbox Fragdisk Galturb

Self-gravity

New source term in Euler equation. Poisson potential:

Ap = —4rwGp
Cooling
New source term in energy equation:
0E Eint
— E+P =—
T +V ((E+ P)u) T

1
where Ej,; = E — E. is the internal energy and E; = Epu2 is the kinetic
energy.

Cooling time tepor = Q1

Noé Brucy Regulation of Star Formation 1/11/2022 20



Ismfeed Turbox Fragdisk Galturb

Initial conditions

Vertical equilibrium

19P  GMsin(6)
p 0z r2 + z2

plr,2) = pelr)exp (Gﬁ” (=) - 1)

1

where pc(r) is a free parameter chosen so that ¥ oc r™
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Ismfeed Turbox Fragdisk Galturb

Initial conditions

Radial equilibrium

u?p 10(c2p) GM
T T 3/2
r p Or (r2_|_22)
pr Or (r2—|—22)3/2
GM 5¢2
20, < p V= 2~ _ IS
Q(r < rin) 3 52
M 2
Q3 (r > rip) = ¢ 4

2P+ 22 2r2
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Ismfeed Turbox Fragdisk Galturb

Fragmentation of self-gravitating disks

» Self-gravitating disks: disks massive e—
enough so that their own gravity plays . {personal worky
an significant role.

» Can be found around black holes
(galaxies), stars (protoplanetary disks)
or planets (circumplanetary disks).

Protoplanetary disk around
the star HL Tau (ALMA).

» Fragmentation, when the gas collapse
under is own gravity is important for
star, planet and moon formation.
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Non-convergence of the stability limit

munfragmented
afragmented ]

1 |
10° 10° 107
N

Critical value for 3 as a function of
resolution, Meru & Bate 2012 and Rice
et al. 2014.
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Non-convergence of the stability limit

Paardekooper 2012, Hopkins 2013:
| Stochastic aspects

munfragmented
afragmented ]

1 L L
10° 10° 107

N
Critical value for 3 as a function of
resolution, Meru & Bate 2012 and Rice

et al. 2014.
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Ismfeed Turbox Fragdisk Galturb

Non-convergence of the stability limit

Paardekooper 2012, Hopkins 2013:
1 Stochastic aspects

munfragmented
afragmented
i | The simulations are mainly SPH or
on 2D fixed-size grid.
1wof’ 1(55 15’ . g
N “It would be interesting to try to
Critical value for § as a function of understand the convergence problem
resolution, Meru & Bate 2012 and Rice  with a Godunov scheme”
et al. 2014. Meru & Bate 2012
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Description of the simulations

» Finite volumes over a 3D grid.

» Conservative scheme
(Godunov).

» Adaptive Mesh refinement.
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Description of the simulations

» Finite volumes over a 3D grid.

» Conservative scheme
(Godunov).

» Adaptive Mesh refinement.

Initial conditions
» As Meru & Bate 2012 for
comparaison.
> Md|sk = M*/].O.
» Equilibrium: Q(t =0) > 2.
» TIC : pre-run to have
turbulent initial conditions.
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Ismfeed Turbox Fragdisk Galturb

Description of the simulations

> Finite volumes over a 3D grid.  Size of a cell dx = 27 where [ is

. the level of refinement.
» Conservative scheme

(Godunov).

» Adaptive Mesh refinement. Grid at /=6 (box) and / =10

(disk, on 2563 cells) + extra
- - refinement based on jeans length
Ay. Cell refined if | < Ipax and
> As Meru & Bate 2012 for dx > 20A,.
comparaison.

Group Imax  Initial cond.
> Maisk = My/10. JR11 11 smooth
» Equilibrium: Q(t =0) > 2. JR12 12 smooth
» TIC : pre-run to have JR12 TIC 12  turbulent
turbulent initial conditions. JR13 _TIC 13  turbulent
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Results: movie for 5 =7 (group JR12)

t=0.0 (code) 102
1.4
10t
1.2
g g
° 0
S 1.0 10 §
> W
0.8
107!
0.6
1072

0.6 0.8 1.0 1.2 1.4
z (code)
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Results: Column density maps

2
> 100
107 _
< e
= )
~
1072
N
>
103

X [rql x [ral x [ral x [ra]
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What shapes the PDF 7
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What shapes the PDF 7

1.2 T T

11F

1.0F

y [code units]

0.9r

038 0.9 1.0 1 12
x [code units]
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Fragdisk

What shapes the PDF 7

B=8
T
B
>
kel = 4
[
1 n n L
B=12
1.2 T T T T T
_10°R e » B
s
o
1.1F g g 102 | . - -
[
I
:§ 10—4 1 1
© 1.0f g =14 =16
i I -
2 0
> ~ 10° | - - 4
D
0.9F ] 3
21072 E - E
1Y
-4 1 1
038 0.9 10 1 12 10 0 2 0 2
x [code units] log(o) log(o)
— disk filaments
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Fragdisk

Analytical model for the radial profile of filaments

y

/\Rm shearing box
|

fo.fil ‘

re ;F
;gﬁl

C

n °

towards the
central object

r,:.F

0] .C

Filament

Central object

Noé Brucy

B =8, time = 4.5 ORP

2.0 1.00 T T T
h . 0.75F
. 0.50F
. 0.25
a
~1.0 00 % 0.00
°
-05 -0.25
: -10 -0.50
-15 -0.75
%88 09 10 11 17 20 -1.00 ) ) )
X : =3.0 =25 -2.0 =15 -1.0

log(yfi)

» Model of a infinite filament undergoing
pressure, tidal forces and self gravity.

» The model can be fitted to actual
filaments in the simulation (top)

» But the radial profile of filaments is not
enough to understand the PDF
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How to explain the s — (3 correlation 7

= L B B
3 —o0bX @ JR13_TIC ]
5 W@ JR12_TIC
L% * JR12
T23F +XE + 11
- r 'y
3 -3.0F +t e 3
= ; +*\\
w -35F \ -
[ + @
r *‘»\
3 -4.0 \\\ -
& —as5f as= —0.19 \& b
i N
-5.0F \*_
§ | SERTS S (NS ST SR N (N SN T SR S N S S
E 5 10 15
& 1074 g . B B
1070 Bg =y a0 i\é —_0.2 1.6 R2_097
log(0) log(0) s=—U. 6 - +Y — VY.
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Ismfeed Turbox Fragdisk Galturb

The PDF is not built radially but alongside filaments

1.20 - : . 1.20 - : . 2x107
115F 1 | 115F 1 B
1.10F N E 1.10F 9 Z‘Qé
= B - \ S
1.05F B H 1o05F 1 =
102 2 g
> 1.00fF ) \ E 0 S > 1.00F \ & - 0o <
~ \ -1072 ]
0.95F 7 YE s 0.95F Y Is
.~ / S
0.90F B 0.90F P 1 =
0.85F 1 -1 0.85F 1 B0
0895 05 1o 11 1.2 0895 0.9 o 11 12 T -2x107!
X X
Radial collapse Azimuthal collapse

Filaments are collapsing in the azimuthal direction.
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How to explain the s — (3 correlation 7

Heating by gravitational instabilities in ring of mean column density ¥,
height h, and volume V.

2 1 2h
rTav — 57~ = o1, 8odV. 6
o 347TGZC52V/Vggw (6)
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How to explain the s — (3 correlation 7

Heating by gravitational instabilities in ring of mean column density ¥,
height h, and volume V.

2 1 2h
rav — 5 =" +g,dV. 6
Qg 34WGZC$2V/Vgg@ (6)
Since o1
P h B
PDF(Y) = 7‘% <z> : )
0o 0o
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How to explain the s — (3 correlation 7

Heating by gravitational instabilities in ring of mean column density ¥,
height h, and volume V.

2 1 2h
rav — 5~ = 5., +g,dV. 6
Qg 34WGZC$2V/Vgg@ (6)
Since
Po [ £ \°*
we can write
= 21N /“) Pogrgo ( X\ s ®)
B 32162 Jyox 00 T2 \ooX
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How to explain the s — (3 correlation 7

Heating by gravitational instabilities in ring of mean column density ¥,
height h, and volume V.

2 1 2h
rav — 5~ = 5., +g,dV. 6
Qg 34WGZC$2V/Vgg@ (6)
Since
Po [ £ \°*
we can write
= 21N /“) Pogrge (X )\ s ®)
B 32162 Jyox 00 T2 \ooX
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How to explain the s — (3 correlation 7
If self-gravity dominates, we can approximate

g ~¢e,.21GY and g, ~ €,21GX (9)

where €, and ¢, are unknown efficiencies.
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How to explain the s — (3 correlation 7
If self-gravity dominates, we can approximate

g ~¢e,.21GY and g, ~ €,21GX (9)
where ¢, and ¢, are unknown efficiencies. Injecting back into (8),

2 27rth6r£¢ 0(2, Py
le% v = —T= .
st 3 c2 s+2
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How to explain the s — (3 correlation 7
If self-gravity dominates, we can approximate

g ~¢e,.21GY and g, ~ €,21GX (9)
where ¢, and ¢, are unknown efficiencies. Injecting back into (8),

2 27rth6r£¢ 0(2, Py
le% v = —T= .
st 3 c2 s+2

From the energy balance (cooling = heating),

_21
=55

a

(11)
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How to explain the s — (3 correlation 7
If self-gravity dominates, we can approximate

g ~¢e,.21GY and g, ~ €,21GX (9)
where ¢, and ¢, are unknown efficiencies. Injecting back into (8),

2 27rth6r£¢ 0'(2)P0
le% v = —T= .
st 3 c2 s+2

(10)

From the energy balance (cooling = heating),
21
=55

Finally, we retrieve a linear relationship between s and 3:

(11)

a

10
s:—?a%%%ﬁ—z (12)
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F20H_7_1pc_4096 | time = 190 Myr
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F20H_15 4pc F30H_15 4pc FA0H_15_4pc
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° T 1t 1 F 1 | 107
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