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The ‘fil rouge’

Gas discs have the flaring!
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Credit: NASA, ESA, STScl/AURA-
Hubble/Europe Collaboration
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I Bacchini, Fraternali, Iorio & Pezzulli, 2019a, A&A, 622, A64.

s B 2) The volumetric star formation law in the Milky Way
Bacchini, Fraternali, Pezzulli, Marasco, lorio & Nipoti, 2019b, A&A, 632, A127.

3) The volumetric star formation law for nearby dwarf galaxies
Bacchini, Fraternali, Pezzulli & Marasco, 2020b, A&A, 644, A125.




Why star formation laws are fundamental?

log1p Leas (Mo /kpc?)

How do stars form?
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Why star formation laws are fundamental?
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Empirical relations

Kennicutt & Evans 2012

3 Galaxy type
¢ Normal/irregular
x Low surface brightness
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Empirical relations

Bigiel+2008
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Empirical relations
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Empirical relations
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From surface densities to volume densities

Gas discs have the flaring!
+00

Observer

Observed
surface densities
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How to derive the volume densities?

* Atomic gas Observed
g:} R)
R,0) =
Pl ( ) 2T hHI (R)

* Molecular gas

R
PH, (R7 O) — )
27 Ho (R)
* Star formation rate
R
psrr(R,0) = )

QWhSFR(R)
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How to derive the volume densities?

* Atomic gas Observed o =0(R)
(R,0)
PHI ) i
Hydrostatic hR
* Molecular gas > s ~h(R) o
R) equilibrium \/ G Dtot
PH, (R7 O) —
2 R)

Dot (Ra Z) = P, + (I)M =+ (I)gas

Gas self-gravity
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Sample selection

« 10 spiral galaxies (THINGS; Walter+2008)

o 2 dwarf galaxies (THINGS; Walter+2008)

From the literature:

1) Rotation curve decomposition —>

gravitational potential

2) HI, H, and SFR (FUV+24m)
surface densities
(de Blok+2008; Leroy+2008; Frank+2016)

. NGC2403
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Gas velocity dispersion

Di Teodoro & Fraternali 2015

20 : : :
BB 'H’ NGC2403
15¢
3D Based Analysis of Rotating Objects via Line Observations @ 10! W ] ‘ ‘ ” |
. : GE Decr Casip %H
« Emission-line data cubes 5t :
o Tilted-ring modelling of rotating discs in 3D
« Beam smearing correction % 5 10 15

R (kpc)



The gas scale height

Python module Galpynamics (Iorio, PhD thesis):
« Assumes vertical hydrostatic equilibrium

o Iteratively derives the scale height
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The gas scale height

Gas discs have the flaring! Constant thickness not a good approximation

NGC2403
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How to derive the volume densities?

* Atomic gas

Yur(R)
R,0) =
* Molecular gas
EH2 (R)
R,0) =
e Star formation rate

Y.sFr(R)

psrr(R,0) = @o'

227
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How to derive the volume densities?

* Atomic gas
PHI (R O) ZHI (R) hSFR L {COHSt e.g. Van der Kruit &

‘ /27ThHI( ) Searle 1981
gas e.g. Mackereth+2017
* Molecular gas

|

hgas = furhur + fu, b,

L EHz (R)
PH, (R7 O) — \/ﬂth (R)

* Star formation rate

psFr (R, 0) =

Gas fractions
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How to derive the volume densities?

* Atomic gas

Yur(R)
R,0) =
* Molecular gas
EH2(}{)
R,0) =
e Star formation rate
Ysrr(R)
R,0) =
pser( B 0) = e ()

NGC2403

0 5 lID l|5 EID
R [kpc]

Flaring h

SFR
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Effect of the conversion to volume densities

Leroy+2008
B Surface densities
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Effect of the conversion to volume densities

Surface densities Volume densities Volume densities

NGC 5055
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VSF law with total gas

No break
Break .
Density threshold? No density threshold
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VSF law with total gas
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VSF law with total gas
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The volumetric star formation law in the Milky Way
Bacchini, Fraternali, Pezzulli, Marasco, Iorio, & Nipoti, 2019b, A&A, 632, A127.

Image from ESA/Gaia/DPAC




The SFR scale height in the Milky Way

Observed
SFR scale height

|

Classical Cepheids
(age < 200 Myr)

Credit: NASA, ESA, STScI/AURA-
Hubble/Europe Collaboration
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The SFR scale height in the Milky Way

Observed 08

SFR scale height g
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The SFR scale height in the Milky Way

Observed >0
SFR scale height 0.7
i 0.6}
Classical Cepheids >
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The SFR scale height in the Milky Way

Observed 08— s in hvdrostetic caailibn
. as in hydrostatic equilibrium
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VSF law vs SK law in the Milky Way

Surface-based law Volume-based law
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VSF law vs SK law in the Milky Way
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The volumetric star formation law for nearby dwarf galaxies
Bacchini, Fraternali, Pezzulli & Marasco, 2020b, A&A, 644, A125.

Credit: NASA,
ESA,
STScl/AURA-
Hubble/Europe
Collaboration




Sample selection 10
35
30
'g 25
o 10 dwarf galaxies (LITTLE THINGS; Hunter+2012); :“:: 20
15 — ars
« Extend analysis of 5 spiral and 2 dwarf galaxies 10 o !
beyond R .. : - f;i;zreNFW !
"1 2 3 1
From the literature: ft (kpe)
DDO126
1) Rotation curve decomposition (Read+2017) 121 8
— gravitational potential 10 - + ° 44 X +
2) HI and SFR (FUV) surface densities E ° Decre + * + + ?¢
(Bigiel +2008; McQuinn+2015) =
3) HI velocity dispersion (lorio+2017) ° Y
2.
BBAROLO| :
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The gas scale height

Gas discs have the flaring! Constant thickness not a good approximation

Dwarf galaxy Spiral galaxy
DDO52 NGC2403
— hui y 1O — hu | Ahy i

h [kpc]

R [kpc] R [kpc]
See also e.g. Banerjee+2011 Patra 2019, 2020a



SE laws in the outermost star-forming regions

Surface densities: total gas Volume densities: total gas

14 —-- Kennicutt law N=1.41 = 14 — VSF law a=1.91
------ o, =0.28 dex / -== 0, =0.12 dex
01 ¢ Low-density regions // 041 & Low-density regions

Beyond R25
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SF laws in dwarf irregular galaxies

Surface densities: total gas

Volume densities: total gas

No break
No density threshold

14 —-- Kennicutt law N=1.41 PR 14 — VSFlaw a=1.91
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New best-fit VSF law

Surface densities: total gas

14 —-- Kennicutt law N=1.41 /
R
------ o, =0.28 dex N
041 % Milky Way
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L —1-
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©
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=3 ekl
B
L
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Volume densities: total gas

— VSF law a =2.03
o, =0.1 dex
Milky Way
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Physical interpretation

Pgas
Tsf

PSFR = €

€
Tsf

efficiency = constant
star formation timescale

Gravitational instability

TH X (GpgaS)

3 = 1.5
PSFR X Pgas

Pser [M o yr~tkpc=3]

Volume densities: total gas

1 %

VSF law
a=2.02,0, =0.11 dex

Milky Way
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Physical interpretation

efficiency = constant
star formation timescale

Pgas € —
PSFR = €

Tsf Tsf —

ST TINTPN RPN
1 2

Tsf X Poas = PSFR X Fgas
« Cooling?
. H, formation?

Volume densities: total gas

VSF law
a=2.02,0, =0.11 dex

4 ¥% Milky Way
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Empirical relations

Molecular gas Atomic gas
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Molecular gas vs SFR

log(Zspr/Moyr~—tkpc2)
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I
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Surface densities: molecular gas

Volume densities: molecular gas

—- N=1.0, 0, =0.39 dex S . —=' y=0.73, 0, =0.37 dex wet
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No significant improvement = small variation of H, scale height




Atomic gas vs SFR

Surface densities: atomic gas

Spiral & dwarf

v Milky Way

galaxies

No
correlation

i [M o pc?]

Volume densities: atomic gas

- H| relation § =2.78

*

o, =0.11 dex

Milky Way

HI traces

star-forming gas!

Pui [Mopc3]
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Conclusions — part I

1. Flaring significant = no constant thickness!

2. VSF law (HI+H)) for high- & low-density regimes, from dwarf to spiral galaxies:

* volume densities = more fundamental;
* no break = no density threshold;

2 :
* PSFR X Pgas™ not only gravity.

3. Volumetric relation SFR-HI — HI traces star-forming gas.

Open questions

aoaoaoaoaoasomeaaeaood
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Evidence for supernova feedback sustaining gas turbulence in nearby star-forming galaxies

Bacchini, Fraternali, lorio, Pezzulli, Marasco, and Nipoti, 2020a, A&A, 641, A70.
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How is the ISM turbulence measured?

Velocity dispersion (0)
!
0 >> thermal speed (v, )

!

Turbulence

our (km/s)

20 .
15# NGC2403 |
‘1%%
10} MQ&MMH _
R T
5- i
% 5 10 15

HI velocity dispersion

R (kpc)

20
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Turbulence dissipation

Kolmogorov’s cascade Stationary state:

injection rate = dissipation rate

Injection
/ '
&= ik
Log E(k) (\'\ Turbulence maintained by energy source
A
(Y -
Injection

| e Jrate E L Eturb

: \ Viscous turb —

I O/ dissipation T

1 ,,97

: : Dissipation L

I [ ! 1 p—

: L 1 ek timescale T

1/L 11 14, Vturb

< > Kolmogorov 1941

Inertial subrange
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Supernova feedback

Eturb,SNe =7 2ISFR! fcc'E ““““ » 1SN =10"erg
T
SN efficiency Star formation rate - Fraction of core-collapse SNe

Analytic models and numerical simulation
(Chevalier 1974; Thornton+1998; Fierlinger+2016; Ohlin+2019)
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Comparison with observations

3 o Tamburro+2009
|
Y £y gy e
Eobs,HI — 2Eobs,HIO-obs,HI SNe n=1 :6 NGC 7793
VS ___SNe n=0.1
L
Eturb,SNe — nESFRfccESNE—: N
:Uturb: X
e mmmmem T -
L =100 pc &
=7 =10 Myr 3 |
Uturbzlokm/s %000 ..... T *2‘34
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Comparison with observations

Tamburro+2009

3 S uy
o 2 1V p—
Eobs,HI — §Zobs,HIOobs,HI SNe n=1 .

NGC 7793

VS SNe =0.1 «
L MRI n=1
Eturb,SNe — 772813‘RfccESN N f
Yturb X - MRI n=0.1
Magneto-rotational instability & _
S : l o I i
B2 dQ) L “500 ..... EEEE BEES BERE
EMRI — 0.0 h = T/T25

ST dln R Uiyrb

See also Utomo+2019
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Comparison with observations

__________________________________ P ______________Tgm_lzbyf_il’0+2009
|
bs,HI — §i « Magneto-rotational instability (Velikhov 1959; :}IGC 7793 |}
' Chandrasekhar1960; Balbus & Hawleyl991; Sellwood & . 1
' Balbus 1999) E .
0 -4
| = _
Eturb,SN o = 772 » Rotational shear (e.g. Wada 2002) i— MRI n=1
0
: , - —
1 « (Gas 1nfall (e.g. Klessen & Hennebelle 2010; Elmegreen & E MRI “_O']'
l .
Magneto-rotatio: Burkert 2010; Utomo+2019) i
' :
io Disc instability (e.g. Bournaud et al. 2010; Krumholz & —————— et
y(eg ! 3 1
E — 0 GE Burkhart 2016) ]
Mr1 = U.6 r/To5
!
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Comparison with observations

—— Tamburro+2009
NGC 7793
Eturb,SNe — 77255: What is sustaining turbulence? ;-— MRI n=1
\--"-"'""""""""""“T:“z':" “““ -~ MRI n=0.1 {
Magneto-rotational instability e 1 _{
Q7
e : 1...414...|....|..::
EMRI = (0.6 h = ?"/T25

ST dln R Uiyrb

See also Utomo+2019
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Slow dissipation in flaring discs

Gravity
NGC2403

*Gas pressure 200 7= Ow=10km s, hy=0.1 kpc
A  oui(R), hui(R)

Thin disc, no flaring

00 25 50 7.5 100 125 150 17.5
Uturb Uturb R [kpc]
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Sample and method

2/10 galaxies

[ Y L T T T L T XTIy ryy!

« Hierarchical Bayesian inference (e.g. Delgado+2019; Lamperti+2019; Cannarozzo+2020).

o Atomic gas:
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Atomic gas — extreme cases

All CNM All WNM

105 - NGC2403: Natom,c =0.03710:304 105 - NGC2403: Natom,w 5 0.01576:363
L 10 Model energy s 104 ] Model energy
o o ]
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o 103 o 103
< 0
g. 107 g 107
3 1 § 101
o 101! -
o i Thermal ener c
L ] L

100 I T T 100 T T T

0 5 10 15 0 5 10 15

R [kpc] R [kpc]
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Atomic gas — “global” SN efliciency

o Average for each galaxy in the CNM and WNM cases = average “global” value
o Test using different X /

Atomic gas SN efficiency: (Natom) = 0.015%3:928
1009 -

> WNM K> WNM (M09)
W CNM A1 CNM (MO09)

=
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,L

v
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Molecular gas

5 NGC6946: Nmol += 0.003 +p-201 —» <1% of the total SN energy
10° 5 :
Eth Emod
104 E [ Eturb,SNe i Eobs

? i Molecular gas SN efficiency: (Nmol}fF 0.003*p:957
Y103 - 101 ;
Y i g H: e H; (MO9)
o ] l
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Conclusions — part 11

1) Only a few % of the total SN energy is needed to maintain turbulence
—> No additional source of energy;

2) Thermal energy contribution significant in outer and low-SFR regions.
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Summary of conclusions

* Flaring significant — no constant thickness!
— Part I — The volumetric star formation law in nearby galaxies

 VSF law (HI+H) for high- & low-density regimes, from dwarf to spiral galaxies:

* Volume densities = more fundamental;
* No break — no density threshold;
* Pgr=Ap,,> ~ notonly gravity.
* Volumetric relation SFR-HI — HI traces star-forming gas.

— Part II — Gas turbulence in nearby galaxies

* Only a few % of the total SN energy needed to maintain turbulence — No additional source;

* Thermal energy contribution significant in outer and low-SFR regions.

59



	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8
	Diapositiva 9
	Diapositiva 10
	Diapositiva 11
	Diapositiva 12
	Diapositiva 13
	Diapositiva 14
	Diapositiva 15
	Diapositiva 16
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19
	Diapositiva 20
	Diapositiva 21
	Diapositiva 22
	Diapositiva 23
	Diapositiva 24
	Diapositiva 25
	Diapositiva 26
	Diapositiva 27
	Diapositiva 28
	Diapositiva 29
	Diapositiva 30
	Diapositiva 31
	Diapositiva 32
	Diapositiva 33
	Diapositiva 34
	Diapositiva 35
	Diapositiva 36
	Diapositiva 37
	Diapositiva 38
	Diapositiva 39
	Diapositiva 40
	Diapositiva 41
	Diapositiva 42
	Diapositiva 43
	Diapositiva 44
	Diapositiva 45
	Diapositiva 46
	Diapositiva 47
	Diapositiva 48
	Diapositiva 49
	Diapositiva 50
	Diapositiva 51
	Diapositiva 52
	Diapositiva 53
	Diapositiva 54
	Diapositiva 55
	Diapositiva 56
	Diapositiva 57
	Diapositiva 58
	Diapositiva 59

