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7 STAR FORMATION RATE AT GALACTIC SCALES

/.1 OBSERVATIONS

7.1.1 The Star Formation Rate integrated over whole
Galaxies

7.1.1.1  Methodology

Kennicutt (1998) & Schmitdt (1959) ‘discovered’ a scaling between a
galaxies gas density and its star formation rate

We are interested in a correlation between neutral gas and star formation
rate averaged over an entire galaxy.

e gas content — v\w’«“\
o neutral hydrogen => 21 cm line emission | Hl
(weak line at low frequency => no data at high redshi}‘:!) ] d;.erj
o molecular gas => proxy observations My oM Jf e Akedt

= COJ=2-1o0rJ=1-0 Hy,
conversion to H; via X-factor 12c0 72
PR

e star formation rate => proxy
o Ha emission for nearby galaxies with modest dust attenuation HL
0
o FUV continuum for either nearby or high redshift sources with “&

modest dust obscuration

o multiple proxies including dust emission

e rotation rate of galaxies

7.1.1.2  Nearby Galaxies

Star formation rate vs. total gas mass shows a strong correlation
the bigger => the bigger

(larger galaxies show more SF and have more gas)
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= normalizing per (projected) galaxy surface (requires that galaxies are
(marginally resolved)

— ; = gas mass per unit area
3-4 Galaxy type bl z:gas
« MNormalfiregular 1
B . * Low surface brightness m 7 = star formation rate per
5 5 [' Infrared-selected o it 5
— £ | » Circumnuclear ; ] unit area
E o Metal-poor Ly -. SER
- | .
a ] =
H: 1 '--... ]
g | " | local galaxies:
I?Il 0k _
2
foe]
< i i
= 1.4
& 1L _ XsFR & z:gas
-
=
E i i —
5 MW
(slope may vary depending on
N | SFRassumptions, Xco scaling,
B .'.-'.. ;%*:.; [=] ] etc')
4l P N N
0 1 2 3 4 5

log (X, (M, pc?)]

Abbildung 1 Correlation between gas surface density X445 and star
formation surface density Xspg, integrating over whole galaxies. Galaxy
classes are indicated in the legend (Kennicutt & Evans 2012)

use of rotation curve:

] z:gas / Tayn

1 hasunitsof kg s~tcm™2

similar to [Zpr] = kg s tem™2

Log Zar (Mg yr~' kpe ™)

§ relation describes what fraction of
1 o 1 =z 3 4 s & 7 gasisconvertedinto stars per
Lo E;nl/T . .
5 e T orbital period

Fic. 7—Relation between the SFR for the normal disk and starburst
samples and the ratio of the gas density to the disk orbital timescale, as
described in the text. The symbols are the same as in Fig. 6. The line is a
median fit to the normal disk sample, with the slope fixed at unity as
predicted by equation (7).

Abbildung 2 Kennicutt (1998)
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7.1.1.3  High Redshift Galaxies

Figure 2. SFR density as a function of the gas (atomic and molecular) surface

gErrrTrTIIITT TTTT L B N L S
E N - = density. Red filled circles and triangles are the BzKs (D10: filled) and z ~ 0.5
r \:f—‘ Vi SMGs disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1-2.3 normal
E {o“ ] galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
2 :— D - —: (2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
£ \:-3 ] are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
E o b are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
— 1F - upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
o n . ] and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
o E i B (2003) IMFE.
i~
Pl E : :
R 1 adding high z data suggests no
g -1F 1 single relationship but
A [ e 1
£ ) ]
ug .
g ar 4+ = normal galaxies
1 | = starburst galaxies
—ak Spirals i
Abidiin RN EE RS NN R R F
-1 0 1 2 3 4 )

logg e [Mo PCiBJ

Abbildung 3 Daddi et al. 2010
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Abbildung 4 Daddi et al. 2010
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7.1.1.4 Dwarfs and /ow surface brlghtness galaxies

Figure 17. SFR surface density as a function of the total hydrogen gas surface

T I I ‘ T density. The colored symbols indicate the sample of 19 LSB gal: axies from this
r + Kennicutt (1998) A 1 paper with SFRs measured from the UV with no correction for dust attenuation.
de Blok et al. (1996) + GALEX N The gas surface densities are derived from the H 1 data from de Blok et al.
o . llt)% ) (green circles), Pickering et al. (1997) (red triangles), and van der Hulst
2 4 Pickering et al. (1997) + GALEX P4 T et al. (1993) (blue stars) and assume that the molecular fraction is negligible.
I % van der Hulst et al. (1993) + GALEX ) HP AN The black pluses indicate the sample of higher surface brightness galaxies from
i T ++ ’ Kennicutt (1998a) while the solid line is the power-law fit to these points with
“\'U 3 R exponent 1.4. The dotted lines indicate lines of constant star formation efficiency
[=% ’ assuming a star formation time scale of 10% yr. The LSB galaxies tend to lie
:\‘ e below the extrapolation of the power-law fit to the higher surface brightness
. 0Or E t B 7 sample.
+ ¥ .
c
@ + £+ *
é R +. |
i ;++ i
et -
Woah T { Only after GALEX (FUV) and Herschel
o f -
o S e 1 t .
=1 100% -
= e 2 | (FIR) data was available this could
+
*
[ o * 4
R 7+ be measured because dwarfs are
_4 [ AN : Y 7 . . == .
- S 1 too faint in Ha and the Xco factor is

—101‘éé‘llé deflnltely different. &:/’ -0

—2
@" i

LOg ):gas ( Sun pC )
AN~

Abbildung 5 Wyder et al. 2009

Dwarfs fall below the Kennicutt- Schmidt law!

7.1.2  The Spatially-Resolved Star Formation Rate

Thanks to technological advances!

7.1.2.1  Relationship to Molecular Gas

@ 0.5-1 kpc => very good correlation between molecular gas and SFR

in inner disks of nearby galaxies (CO detectable) we find a roughly
constant depletion time

2H,

taep = ~ 2 Gyr

SerR
—

basically, insensitive to any other property of the galaxy, e.g. orbital time
scale!

Surprising since normalizing to tgyn reduced scatter Kennicutt-Schmidt
law.
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Figure 1. Star formation rate surface density, Egm, estimated from Ho+24 im emission, as a function of molecular gas surface density, Emg, derived from CO (2-1)
emission for 30 nearby disk galaxies. The top left panel shows individual points (dark gray points show upper limits) with the running median and standard deviation
indicated by red points and error bars. The red points with error bars from the first panel appear in all four panels to allow easy comparison. Dotted lines indicated
fixed H2 depletion times: the number indicates log; thep in yr. The top right panel shows the density of the data in the top left panel. In the bottom panels we vary
the weighting used to derive data density. The bottom left panel gives equal weight to each galaxy. The bottom right panel gives equal weight to each galaxy and each
radial bin.

Abbildung 6 Leroy et al. 2013
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Figure 4: Surface density of star formation versus surfaces density of molecular gas normalize d by estimated fres-fall me £fig. The free-fall time
for all ohjpcts has been estimated following the method of Eraombolz et al (2002a). The black thick lime shows gy = 0L01; the gray band indicaies
a factor of 3 scatier shout this value. The dats shown inthe plot ame as follows: individual molecular clowds in the Milky Way (red-hwed points) ans
from Heidsrman et al. (2000, red squass), Lada et al. (2010, red circles), Wi et al. (2000, red stars, upward amows indicake lower lmits), Lada et al.
{2013, red dizmonds), and Evans et al. (3014, md ponizgons; dowmward amows indicole upper limits); msobed observations of nearby galaxies
{rasters, same datn as shown in Figure 3) are from a semple of the inner disks of spirals (Leroy ot al 2013, blue mster) mnd the |2 po resalution
data fiorm the Small Magellanic Cloud (Bolatto st al. 200 1, gresn msier); unmsobved observations of 7 = 0 galaxies (geeen points) ome spirls and
starbursts from Kennioutt (1958a, green squanss], and the molecolar disks of earty -type galoies from Devis et al {2014); unresohved observations
of £ > [ galmies (magentn points) mre from Bouchd et al. (307, magentn squasessh, Deddi et 2l. (20408, 20106, magnetn circles), Gonmel ot al. (2000,
magents pentagoes), and Tacconi et sl (2013, magentn stargh All CO-to-H3 comversion faciors have been standardired o the fducial values of
Daddi et sl (2000a): oo = 0.8 Mo (K km !-I pc’E] in starbursts 2 all pedshifie, oo = 4.6 Mo/ (K km :'I :p:'l':l imz = 0disks, and oo = 386
MoK kms! p:'z:l im g = 0 disks. Within sach datn xet, lighter colaned points ans thas for which a sterbomst-Flke o valoe wes adopied, whils
darker points are thawe wsing a disk-like oo, The exception is the sarly-type galacy sample of Davis et al. {2014]), whene i is mot clear which to
use, mnd | have therefore defermed i their rmcommended, inbrmedial valoe opg = 3.4 M (K km s~ ! pe=2).
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Caveats:

= limited to inner parts of galaxies with significant CO
= limited galaxy sample D < 20 Mpc (no starbursts in this volume)
pbiatlatal I
= correlation strength depends on scales over which we average
o on sufficiently small scales we do not look at an average piece
of galaxy any more
o proxies carry different information
= CO: momentaneous mol. gas content
= Ha: average # of stars formed in the last ~5Myr
= relating each other is misleading
o on larger scales this averages out

7.1.2.2  Relationship to Atomic Gas
Very different results for total (or atomic) gas.

HI surface density
reaches a maximum is
uncorrelated to SFR @
this max.
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Abbildung 7 K-S law for HI gas in inner galaxies, averaged for ~ 750 pc scales (Bigiel et al.
2009)

In contrast to that: in the outer parts of galaxies there seems to be a
correlation to the HIl gas
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B s here very long
T T tagp~100 Gyr
‘r& 5 i 10° : ) -~ - [ 10 o ? é
wof 7 55
B >
= £ probably result of very low
2 .2 Hy-Hl ratio of 1-2%

—
6

because if CO is detectable

log By [Me pc”]

Abbildung 8 Bigiel et al. 2010, K-S-law for HI gas in outer galaxies on ~750 pc we st| | | f| nd
scales.

tdep,mol gas™ 2 Gyr
e ——

When plotting SFR against mol. + atomic gas we find a clear correlation

o T T T T T 0.0
B nner disks
@ smMC P
—1lr|mmm Outer disks @ hlgh 2
@ Outer disks (median) g G —os o
— @ LBG oulskirts 4 ] most gas Is In H2
= 7| ¥ DLAs (upper limits) v tm =
- &l 3 ~
om® - g taep~2 Gyr
=3} ' L= 44-10=
:_‘:._ - N iy ‘{_1.‘{': . E‘
L B @ low X
- 4 {-1.5
5 1] most gas is in HI
5 : : —2.0 tdep~100 Gyr
—0.5 0.0 0.5 1.0 1.5 2.0 2.5
kg £ M pe)
- SFR drops by factor
Abbildung 9 Krumholz 2014 Of 50

7.1.3  Star Formation in dense gas

7.1.3.1 Alternatives to CO

So far: CO as H; proxy

Next brightest mol. line in galaxies: HCN (HCO*, CS, and HNC)
==
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~10 times fainter than CO (100 x mapping times!)
Comparison:

e Energy levels
o CO: 5.5, 16.6, 33.3,55.4 K
o HCN: 4.3,12.8,25.6,42.7 K
e Coll. de-excitation rates for 1-0
o CO: kio =3.3x 10 Mcem3s™?
o HCN: kio =2.4x10"cm3s™?!
e Einstein A-values for 1-0
o CO: A =7.2%x10"
o HCN: Ao =24X%x10"
e critical density for 1-0
o CO: Nerie = 2200 cm ™3
o HCN: Nepie = 10 cm™3

HCN => tracer of dense gas!

Correlation with SFR but somewhat lower slope than with CO!

Leo (K km s ' pc?) Lucn I{qum s pcf)
_ 0% 10" 10° 10° 10" 3 10° 10 10" 10° 10° 10"
:? § i - . H E ?3 A E
- Wiamsn = 1[0/ -2-12:052) ES2009 ] . o
E ;h __10'.-:51::.-'5I i:.se 0D E (=] E
THIZ = —
Ta [ e B 12
= T E — =
= - o = T = - =
§ o ed 3o 2
=" =] =4 =" =
H_Fln - 1 """,5 I
= = Ie ®
w . W
= = L=
® | | g2 5[4 . |
108 10" 10% 10° 10" 10" 10" 10° 10" 10% 10° 10" 10"
an' (Mmlj Mdense {r""llslelwzI

Figure 1. ]'.lp row: Total SFR (Zspg) as 2 function of the mass of rn-:-bu.ularl.'..r,ﬁla.nd demse (right) molecular gas for pointings in ala!:\' disks (this paper,
gray points) and I.I.nl"mll'.\:‘.l slar-forming galau: ired) and (IMLIRGs (bue) from GB12. Bowom row: Swurface density of recent SFK (Xgp) as 2 function of
the surface density of total (lef) and dense | (righs} mokacular gas for the ssme data sets. The top and m-hL hand anes of each panel dis play the data in &rms of
observed quantitie s. {]pcn symbaos indicate |III'.|II'.1 in the l:hr\hun of the attached arows The equations in the figuses report power-law fits to oar data (aray
lime), the GE12 sample (green line), and a1 the data (brown ling). Emors st 1o--kvel in the fit parameters ame indicaled. For comparison, the yellow ares shows a
fixed ratio (power law index. 1) with & factor of 2 scatter

Abbildung 10 Usero et al. 2015
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/.2 THEORY

Any successful theory needs to reproduce the main observational results:

o SF appears to be very slow or inefficient £, = 100 X t7¢
e in unresolved observations, the SFR rises non-linearly with total gas
content

e in central disks of galaxies SF correlates strongly with molecular gas
and poorly with atomic gas

e constant ty,, in nearby normal galaxies, shorter t;,, in actively
star-forming galaxies

e A correlation between SF and atomic gas only where the gas
content is dominated by atomic phase. Then
Ldep,mol. = 100 X Ldep,atom

o |f dense gas tracers are used tg,), is shorter than for the bulk of the
molecular gas, but still much longer than ¢

At present, no theory explains all the observations!

e top-down model: SF regulated by galactic-scale processes
e bottom-up model: SF regulated within molecular clouds

7.2.1  The Top-Down approach

7.2.1.1 Hydrodynamics plus Gravity
Simplest ansatz: only hydrodynamics & gravity, no feedback

= baseline models
= study of large-scale gravitational instability

Qo
Q - Toomre (1964) Q parameter

G

Q: angular velocity of disk rotation, o: gas velocity dispersion, X: gas
surface density

e <1 system unstable to axi-symmetric perturbations
e 0>1 system stable

Observed galactic disks ’Q ~ 1 }‘or majority of disk and Q > 1 at edges
5{odhe
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If Q = 1: grav. instability (self-gravity of disk) occurring on galactic scale
might be an important driver of star formation.

If Q > 1: grav. instability unimportant on large scales, SF occurs locally,
where global structures (e.g. spiral waves) compress the gas.

e Usually these models give(efffvll(rather than 0.01) because nothing
stops a collapse once it begins. LT
e No dependence on metallicity (which is observed)

7.2.1.2  Feedback Regulated Models
Gas-momentum equation without viscosity and with magnetic fields:

a(*)— V- (0B9) vp+1v BB Bzi+ 7l
ac PV T ddd 41t 2 Pg

disk in x-y plane. Only take z-component:

9, dP 5
57 (pv) = =V (pvvz)——+— -(B B)_8_EB +pg;
Consider some area A at constant height z, average over A:
) 1 APy 1 ¥
T =——=1 V- (pvv,)dA — V-(BB,)dA
o (o) = —2 L (pPv,) rmma sy jA (BB,)

——

1
— 2 (g2 (pgz)

1
8mdz Q)=ZdeA
A

separate xy components from z component in divergences (and apply
divergence theorem)

d 1 d
—(pv;) = ————n—<BZ>+<pgz>— (pv7 >+——<Bz>

1 1
_Zj xy * (pVV;)dA + 4 Aj Ty T (BBZ)dA
A

0 dP) 1 d B2 1 B2
a(PUz)————gd—( )+(P9z)——(l)v)+——( )

1 1
1 viid? +— | B,B - fdf
ALAvavn +ALAZ n

dA: boundary of 4, 71: unit vector normal to boundagy (always lies in xy

-—

plane) L/.Z
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1 =yt .
ZfaA v,pviide: advection of momentum pv, across edges of the area

if galaxy with no net flow in galaxy = 0
—

1 =T : : ,
ZfaA B,B - fid¢: rate at which z momentum is transmitted across
boundary by magnetic stresses, again — 0

e —
T . d
galactic disk ~ time steady: Fam 0

Equation of hydrostatic balance for galactic disk:

S (Pt o2+ B — A — (pg) = 0
dz L ‘z 82_1; z z
L = 6

%(P + pvZ + éBz): upward force due to gradients in the total
pressure, incl. turb. pressure pvZ and magn.
pressure B2 /4

(pgy): downward force due to gravity

ﬁ% (B2): forces due to magnetic tension (usually not

dominant).

= balancing first and last term!
d
force = —; P = momentum flux

Each term: rate (per unit area) at which momentum is transported up or
down.

Feedback Ansatz: rate in the first term = rate of momentum injected

by feedback

1 14
(P + pvy +§Bz> o (Mﬁ:sm

f’

——————
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V 4
momentum yield per unit mass of stars formed (includes any

feedback process we can come up with)

Gravity of an infinite slab of gas: g, = 2nGX
—— S
d (p Py
— (=) Zspr ) ~ 2NGE = | Zgpp ~ 211G (=) L X
dz ( M ) p— (M) 495

— _— ‘f%
assuming % ~ 1/h, therefore ph ~ Z 4
e E——————
In such a model we expect the SFR to scale with X X;.
If the gas dominates the gravity:
Lgpp X Zgas l
If the stars dominate the gravity:

2:SFR X 2:gas Z*
?
£

If we know (%) we can compute SFR quantitatively.

Example:

total momentum yield of supernovae: (%) ~3000kms™?
— —

4

2
B T z
.IESFR ~ 0.09 Mppc™*Myr~* (Wpc—jz

~ right magnitude for observed SFRs 4



Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig



SFR [Mgyr]
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Abbildung 11 Hopkins et al. 2011: SFR versus time from simulations of isolated galaxies performed with (blue) and without (red) a
subgrid mode for stellar feedback. MW (Milky Way) SMC: Small Magellanic Clouds

Problems:

(Kennicutt-Schmidt relation) o< £}

Successes:
° physically motivated
° allow quant.

computation of SFR (in models
and analytically)

SFR independent of
microphysics and cloud scale
processes

o Yspp X Xgqs X, agrees

with what we find in the outer
MW.

'4

SFR predictions depends on assumptions about (%)

In the gas dominated case we expect Xgpp X Zéas, but we observe

Even though the SFR in the outer MW matches the model

predictions, the model doesn’t care about metallicity. But we
observe a metallicity dependence

The feedback approach doesn’t distinguish between H and H2
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e Observations suggest that SF is equally slow in clouds and in whole
galaxies. In the feedback models this is not required. We can have
fast SF in clouds and slow in the whole galaxy. But, then why do we
observe a slow SFR where we have no feedback (as in the solar
neighborhood)?

7.2.2  The Bottom-Up Approach

Start SF from individual clouds.

e Which parts of a galaxy’s ISM are eligible to form stars
e SFR within individual clouds

7.2.2.1 Which gas is star forming?
Observationally: stars form in molecular gas. -> Where is the mol. gas in a
galaxy?

Physical explanation?
H, and CO are cooling more efficiently?

NO! C*is as good as CO in cooling and not all H; is associated with CO!
Instead: H, is associated with SFR because of shielding!

Thermal balance in the ISM:
Main heating: photo-electric heating and cosmic-ray heating.
Total heating rate per H nucleus:

—

[=(4X10"2ypypZoe "d +2x10727¢") ergs™?

Xruy: local FUV radiation field

Zj: local dust metallicity

{': CR ionization rate

T4: dust optical depth

If CO has not yet formed -> C* main coolant ([CllI] 158um fine structure

. —_—_—_—_—
line, 92 K) 1500 GHL
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opt. thin gas, LTE: cooling rate A J / »
Acnt = kcn-udcEcnny
kci—y = 8 X 10710e~Ten/T : excitation (by collisions) rate coefficient
Tcp = 91 K: energy of excited state
8¢ ~ 1.1 x 10~*Z}: carbon abundance relative to hydrogen
Ecyp = kgTcyy: energy of the level

ny: hydrogen number density

FromlF = Alwe find T

ny
100 cm~3

ny2 =

If FUV heating dominates:

T ik (
T 1.0+ Tq — In ypyy + Inng,

(S

If CR heating dominates: ) T
91K
40—In{'/Z) +Inny,

Transitionatt; ~ 3
———

!/
CR dominated regime (% = 1) =>,T=23K;almost as low as in the CO
a

dominated region with T~10K)
FUV dominated regime and low opt. depth => T~100 K

Jeans mass:

T[Cz 3/2
M, = pA} = p< 5) = 4.8 x 103Mgn;, /T,
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(Tz = ﬁ), so M; will differ by (2)1'5 z@

= high 7 (suppresses FUV heating) and lowers the mass that is stable
against collapse (by ~ one order of magnitude)

Bottom-up models: this change in M; as a function of T regulates the SF
In warm regions (by FUV heating) the gas is thermally stabilized

In cold regions SF proceeds efficiently

ey Ty ey Ty

1005 ' - B LI |Ii||T| LI IIIIIII LILLILULLLL LI Illllll_l-l_lllll_l
F . 0.1 o B -mmm 5

[ i 1 s C =m=m 3

10 = = : " ‘I] - :
E R - 5 D2 =

£ 001 .

1 No dust shielding(H, + CO, atomic) -3 E E
100 £ =T ‘ )
; é 107 § \ E

= 1 ]

23 N 1 ) .
10? i :- ! E “"N ]
i 1074 H! | ‘A
Atomic gas Ei | ]

1 %g f % % bt Gil 11 ||l|||| 1 1 IIIIIII 1 1 Illllll 11 ||I|I|| 1 I‘I I-
100k 5 10 100 10° 10* 10° 10%
‘: E 3 n [em™]

;’-1: L i Figure 3. Comparison of the mass-weighted density PDF in the various
}E 10 E runs. For runs B, C, D1 and D2, we show the state of the gas immediately
) F =3 prior to the onset of star formation, while for run A, we show the state of
2‘ E E the gas at a similar physical time, 1 = 2.3 Myr.
0 E ]
- 1 Hz | ! b |
100 b | | | | Left: n-T distribution in simulations
: = with different treatments of the
T | ISM (Glover and Clarke 2012)
E 6 B 1 All simulations use identical initial
100 =2 . conditions, but vary in how the gas
. heating and cooling rates are
10 = calculated. The top panel ignores
e ]l ] dust shielding, but includes full
1 e + C ; molecu a1 1

o 1o i ot io° 1o¢ chemistry and heating and cooling.
oo The bottom panel includes all
chemistry and cooling. The middle three panels turn off, respectively, H,
formation, CO formation, and CO cooling. The tail of material proceeding
to high density in some simulations is indicative of star formation.
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log Zgpp [M o pe™® Myr ']

Relation to H,: H, depends on FUV shielding

shielding column of hydrogen before H, can be formed:

Ny =
or
Sy = Ngumy = 8.4xpyyngs(Zy) ™ Mgpe™
This corresponds to an optical depth at which the gas becomes molecular:

Tq = Nyog = 7.5 rpuvnn(Zg) ™ *

—

(04 ~ 107%21Z cm™2). About the same opt. depth at which the transition
from FUV to CR dominated heating occurs.

)(FUVnﬁllzfvfew X 1071: ~ const. in the MW disk because of ISM two-
phase equilibrium.

= physical explanation why SF is correlated to molecular gas
= physical reason for breakdown at £y < 10 Mgpc ™2 '
= metallicity dependence is also explained

0.0 Figure 10.5: Relationship between star
formation rate surface density Xgpg
and total gas surface density X. Pixels

05 and points show observations, and are

the same as in Figure g.11. Solid black

and green lines are theoretical models
from Krumbholz (2013) for two different
combinations of metallicity normalized
to Solar, Z/ 7, and mid-plane stellar
density, p4, as indicated in the legend.

— Z/Z:E::Op*:()‘l Mg pc :
— 77, @p* 0.02 M, pc?

AN
o
Log point density

|
=
wn

L 1 I 1 1 ~2.0
—0.5 0.0 0.5 1.0 15 2.0 2.5

7.2.2.2 The Star Formation Rate in Star-Forming Clouds
Overall SFR? Why is the SFR so low?

Turbulent support:
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Consider a turbulent medium with linewidth-size relation

o) = c, (Ai)/ l

Ag: sonic length. What parts of this flow will become Jeans-unstable.

The max. mass that can be held up against turbulence: Bonnor-Ebert

mass:
c3 1.18 3/
Mpg = 1'18(}'3,0 T3 pA;
1T 2

C,: isothermal sound speed, p: local gas density (density at the surface of
the Bonnor-Ebert sphere). The corresponding radius is:

T . a: geometric factor
Virial terms: (a=0.73 max. mass sphere)
itati : __ _GMgp cs
gravitational energy: ERRR AT RNEN 1.06 32512
] N
Thermal energy: Tin = EMBECSZ = 1.14 |[W|
3 A
Turbulent energy: Teurs = > Mo (2Rgg)* = 0.89 (7]) W]
S
= Collapsing parts of the flow where the density is very high
= Epot < Eturb
=2 A S A
= Ansatz: Collapse if: 4; S A
7'[(;52 Jeans length at the mean density
/1]0 —
s

x =p/p, then ; = A;0/Vx

—
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: A70)?
A; S A [ thenrequires XS = (qu ﬂ) Px~1

mass fraction where 4; < A

2
crit dlnx 27'[0'p2 Xcrit ZJP

1 —2Inx..;; + g2 2\ 11/2
=—|1+ erf( 2L p) 0, = [ln(l + BJZ )l
/

3/2
2 23/2¢,
assume a fraction f collapses every free-fall time, then the SFR per t¢ is

ANERD!
*° d 1 «© Inx —Inx
fzf g dx = exp[—( ) dx

X

—_— t
Eff = 2¢t [1 + erf< 23/20_p

more detailed (Hennebelle & Chabrier, Federrath & Klessen):

1/2 dx

err = ¢ dlnx

—Inxcpie + 05 3
1+ erf (%)
2¢t[ + er ( 21/2% exp 80‘0

from observations:

| . h = 502%R ‘
n regions where Uiy =~
1\1/2 o\ 2
then o(l) = oyp (—) and therefore 1, = 2R (—S)
2R O2R
’ ‘
mc? R3

and A]O - G_p - 271'CS 3GM
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A50\? _ m?¢2 2 2
together: xC”'t:((pxa_s) AR AyirM*“ = 0.82a,;, M

—— ———

For ayi = 2, €5y z@mbserved €rr ~ 0.01) Assuming some local

feedback that decreases €5 further puts it in the right order.

——

7.2.2.3  Strengths and Weaknesses of the Bottom-Up Models

= B-U models reproduce SFR-ISM phase dependence
= B-U models explain metallicity dependence
= B-U reproduces € ~ 0.01 on all scales

= why €77 = 0.01 instead of €7 = 0.1 is not fully explained f
= global regulation of the ISM and its hydro-balance not addressed
(where does the initial hydrostatic balance comes from?)
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