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2 OBSERVING YOUNG STARS

2.1 CLASSIFICATION AND EVOLUTION OF YOUNG STARS
cartoon theoretical picture of YSO formation
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core protostar starﬂ:gr{x’r‘elope star+disk main sequence star
e core: warm gas & dust
e proto-star: hot condensation, cooler envelope, accretion

reduces opacity
e star + envelope NIR transparent envelope, star directly visible
e star + disk: envelope completely accreted onto disk + star

m.s. star star contracts onto MS (main sequence)

What would these stages look like?

2.1.1  Class O sources
How can we detect a collapsing core?

SPECTRAL ENERGY DISTRIBUTION -- SED

SEDs are energy plotted against some measure of the photon -- frequency or wavelength.

The units that are used in Spitzer data are Janskys. 1 Jy = 1023 erg/s/cm”2/Hz (in cgs units rather
-

than mks units, sorry -- and just to be clear, | mean erg / (s¥*cmA2*Hz), it's just easier to read in the

way | wrote it above). A Jansky is technically a unit of "flux density," represented by F,.

We want to plot "energy density". One way to do is to get rid of the "per Hz", e.g., multiply the Jy
by the frequency (v) of the bandpass center, or VF,.
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e thermal emission of the warm condensation

o compact (few 1000 AU)
o sub-mm wavelength

3
1 AU = 450 - 40 iwm

log(AF,)

e interferometric observations
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e collapse produces outflows -> outflow signatures
/ s/ © high velocities in molecular lines (bi-polar)
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o indirect: high E excited molecular line emission (shocks)
e.g. Si0 J=2-1 (Santangelo et al. 2013 & Spitzer IRAC
NASA/JPL-Caltech/UIUC & Caltech/SSC)

68°04'00"

Dec. [J2000]

68°02'00"

68°00'00"

20"39™20° 00°
R.A. [J2000]

o SiO produced in warm shocks (grain sputtering?)
e Regions with one of these signs = Class 0 sources

2.1.2  Class 1 sources

distinction from class 0 = protostar detected in IR

M/VWV\M/\NVW‘/____

SED is broader than single-T BB function and showslMIR & NIR excess

manAM——

(Excess IR comes from large amounts of circum-protostellar dust)

10 um silicate absorption feature clearly present

-
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~ 1/3 of all gas cores identified by thermal dust or molecular line emission
show evidence for an IR source at the center — best seen in distant
regions of massive star formation -> clusters
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WS5: Mountains of creation - NASA/JPL-Caltech/L. Allen & X. Koenig (Harvard-Smithsonian CfA)
dark blue: 3.6 um ,light blue:4.5 um, green: 8.0 um, red: 24.0 um

In nearby regions the resolution is enough to see individual sources inside

a core.

In some source the contours of mm (cold) and IR (hot) emission
correspond to each other = something is heating up the center.
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Figure 1. Three-color Spitzer images 8 pem (blue), 24 pm (green), and 70 pm (red) of selected embedded protostar candidates in Perseus, Serpens, and Ophiuchus,
with Bolocam 1.1 mm contours. The Bolocam ID of the centered core and embedded protostar IDs from Tables 2—4 given, and contour intervals for the 1.1 mm emission

are 3,6,...,15,20,25, ..

., or. SEDs of the candidates are plotted in the lower panels. SEDs include 2MASS, IRAC, and MIPS photometry from the ¢2d database

and 1.1 mm fluxes (asterisks). Published 350 pm and 850 pm points (open circles) are also shown when available. A modified blackbody spectrum (T = 15 K,
B = 1) is overlaid for reference.

1.1 mm (Bolocam) contours of cool dust overlayed on Spitzer hot dust/PAH emission, (Enoch et
al. 2009)

emission seen in IR because envelope is optically thick in optical.

- radiation absorbed by dust and reemitted in IR

Once we have a detection in IR -> classification by SED shape
——————
(SED: spectral energy distribution)

The more mass in the envelope around the protostar the more opaque it
is and the further into the IR the radiation will have to shift before it can
escape!

Objects with a SED peak further in the IR have a more massive envelope,
therefore its accretion did not proceed for a long time -> younger object
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Evolution of Circumstellar Dust/Gas

Alves, Lada, Lada

_dlog(1 Fy)
T H i

i Star with continuous dust disk

>
.%%-.———

infrared spectral index

in practice: 2 IRAS points (2.2
um and 10-25 pum)

1 Courtesy NASA/JPC-Caltech

a>0 peak at longer wavelength (IR) 4

a<0 peak at shorter wavelength (opt) ¢
a > 0in[2um, 25um] - class | source |
Alternative classification: bolometric temperature (Myers & Lada 93)

T}y, of a spectrum F, is the temperature of a black body having the same
mean frequency v

—_

{(4) hv R ul
Tbol ZT(S)?Z 1.25 x 10711y KHz 1
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¢(n) : Riemann Zeta function of argument n

v : mean frequency, i.e. ratio of 1%t and Ot frequency moment of the

spectrum

20 M, M) (a)
- ZAMS ]
257
\v 04365
1 04016 | LISST 53050
1.0 \ 04299 ,CrARI [vLa
» 164 299 1563 | ‘.anv/ = | |
3 W class
o L 0.0 [ M) (K)
2 00 "i 07 12
09 98 1 icas 05 10
[ Tx N 043124 Togt(Myr) 03 8
07
o [ | .
10 Voa ! ) _ class Il
: 05 4| E » |
[ 03l CLASS
20
Rilbbhedimideilcmnnilelionil A | —
5.0 40 3.0 2.0 1.0 class Il
log I‘M (K)
Figure 2 (Andre et al. 2000)
tAOIEvEGI".b : 04108+28038
.'u(\ ° ‘ N
i ¥ oy
A . | £ £
" . 1 . .
£t . | g .
’ a b | ) o 12 -
. !
o ¥ : o'
1 L] 100 00 10 100 1080
length (jem) Wovelength (um)
barse 2823 04158+ 2805 -t
=10 ’ v i 10 ?WA' o
¢t v v o .
. N .
£t \ N
£ 3 .

10 100
Wanelengt ()

wt? 10
! \
1 100 o i) 10 1000
aveizngth () Wavelength {um)
"hare: TTTTEEeaezioET
0% 4 07
. B | -
T 1 T
. v, 1
o' 1 w
. i
o 17 | 1012
. i
a3l - aa J e
10 1 1009
Wavalengtn [jem)
i+ Tean i .
o 1 4
v i v
v i v
a1° . R -k 1w 0,\
E * i 5 . Nt
. 1 =
! { ="
i & *
L o] . | 5 gz
613 { 10713 -
1000

1 10
Warvalargth (um)

Figure 3: SEDs of class | protostars in Taurus (Furlan et al.

2008)
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2.1.3 CLASS Il sources

After sufficient accretion = stellar photosphere becomes visible

v b
= SED = SEDstar + SEDgisk (IR excess)
10-%E 1 ]
E SVS 4-2 ]
T soel | aka T Tauri star
L
£
o1 E E 1L ! .
3 (obs. definition of T Tauri stars is
: slightly different though)
1%33: :
; SWS 4-3
= "'F
I.E_, E _15 < aIR < 0
.I-E'HJ"":r
fm-";- i
ajr = —1.5: nodisk
1973
1l:l"E
[ planet formation must occur during
?"""? this stage because soon the
E‘ [ accretion disk will be gone
-;-1“'":;—
1u-11'
107
0 oy
£
}' 'ID"‘E-
';'“r,_;r H,O ice —>
10—11- 1 1
LA 1.0 10.0

Wavelangth [um]

Figure 4 SEDs of Class Il sources in Serpens (Pontoppidan et al.
2004)
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2.1.4 Class lll sources

(XIR < _15

SED: bare photospheric SED, any IR excess wealk, i.e. cool & far from star

Brightness

Wavelength

Star with full disk

Brightness

Wavelength

CoKu Tau 4

Brightness

Wavelength

Inner Gap in Circumstellar Disk  Spitzer Space Telescope ¢ IRS
NASA / JPL-Caltech / D. Watson [University of Rochester) ssc2004-08c

e disk dissipates
e not yet MS star
o puffed up => larger radius
» L > Ly
" T <Tys
o high level of magnetic activity

EMMJ_‘J dve e grav. contvaction
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= strong X-ray emission
o Lithium absorption lines
= Li quickly destroyed in nuclear synthesis
= Linotyetused up, i.e. star is still very young

. » : T infall
in scale

Lada 1987



2.2STATISTICS OF RESOLVED STELLAR POPULATIONS

22.1

Multiple Stars

MF, CF
5
!

T .
H 1 -]
s —i—
0.5 % 1
s
0.0l i e "
0.1 1.0 10.0
Stellar Mass (Mg)
Figure 1:

Dependency of CF (red squares) and MF (blue triangles) with primary mass for MS stars and

field VLM objects. The horizontal errorbars represent the approximate mass range for each

population. For B and O stars, only companions down to g = 0.1 are included. The frequencies

plotted here are the best-estimate numbers from Sections 3.1-3.5, also reported in Table 1.

Figure 5(Duchene & Kraus 2013)

significant fraction of stars in multiple systems

multiplicity: function of stellar mass

MF: frequency of multiple

ystems © ¢ MF4A1

CF: companion frequency
(average number of
companion per target,
which can exceed 100%)

The difference between
these two quantities:
frequency of high-order
multiple systems.

most stars are singles, most massive stars are multiples

KL s o s T vl rTrTrETre—re rvT"T—ijT—ffj' ]
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Figure 6 Binary period distribution for solar neighborhood G dwarfs

(Duquennoy & Mayor 1991)

-

broad distribution of
binary period (hrs to Myr)

WHAT IS THE ORIGIN OF
THE BINARY FRACTION
AND THE BINARY PERIOD
DISTRIBUTION?
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2.2.2  The IMF

in clustered SF: count young stars as function of their mass

e initial mass function (IMF)
(see: Annu. Rev. Astron. Astrophys. 2010.48:339-389.)

Problem: we measure luminosities not masses

Determine the IMF:

e stars in the solar neighborhood
O many, i.e. good statistics
O nho remaining gas & dust, i.e. no reddening
o stars are on the MS (takes ~ 10 Myr)

e starsin young clusters
o massive stars only found in young clusters
o brown dwarfs fade with age, i.e. difficult to find outside of

young clusters

o stars are chemically homogeneous

Mmoo massive Sdavs

Problems: correct for unresolved binaries


http://www.annualreviews.org/doi/pdf/10.1146/annurev-astro-082708-101642
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Figure 3

The derived present-day mass functon of a sample of young star-forming regions (Secdon 2.3), open clusters spanning a large age
range (Section 2.2}, and old globular cluseers (Secdon 4.2.1) from the compiladon of G. de Marchi, F. Parsesce, and 5. Portegies Zwart
(submitted). Addidonally, we show the inferred field sear initial mass function (IMF) (Section 2.1). The gray dashed lines represent
“rapered power-law” fits to the data (Equation 6). The black arrows show the characeristic mass of each fie (mr;), the dotred line indicates
the mean characteristic mass of the clusters in each panel, and the shaded region shows the standard deviadon of the characreristic
masses in that panel (the field sear IMF is not included in the caleulation of the mean/standard deviation). The observadons are
consistent with a single underlying IMF, although the scarrer at and below the stellar/substellar boundary clearly calls for further study.
The shift of the globular clusters characteristic mass to higher masses is expected from considerations of dynamical evolution.

Figure 7 (Bastian et al. 2010)

e break peakat~ ~0.2 My
o fall off at higher masses ~ power law

e fall off at lower masses , much more uncertain
NN, —/ —

Different functional forms:

Salpeter (1955):

dn
dlogm

m—F

m: mass of a star, n: number of stars in the logarithmic mass range

S e U . sl
logm + d log m. Salpeter slope: I'~1.35.
‘,\/\w\/\/\—_
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Chabrier (2003):

( (logm — log 0.22)? =
dn_ . TP 2% 0.572 HH
%
dlogm (log 0.22)%\ . .. 1
L P\ 2xos2 ) T E
e
Kroupa (2001):
( m\~%o
=== <m<
<m0> my <m<my
dn my\~% /m\ %
o < (_> <_) ) mq <m< m,
dlogm m my
| RE T
\ izln mi_q my, R e T e
with

m
ap=—-07+0.7, 001< M_@ < 0.08

m
a; = 0.3+ 0.5, 0.08 < M_@ < 0.5

m
a, =13+0.3, O =

O)
m

C{3=1.3i0.7, 1<M_®

2.3 UNRESOLVED STELLAR POPULATIONS AND EXTRAGALACTIC SF

What, if individual stars can’t be resolved. How to study SF then? Instead
of star counts, IMF, etc. we study the star formation rate (SFR)

2.3.1 Star formation rate indicators

2.3.1.1 General Theory

Stars born with IMF En/dm, the mean stellar mass for this IMF is m.
———
After time t (after the star is born) it has the luminosity L(m, t).
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1) Consider a population of stars born at t = 0. At time t, the
luminosity of the stars is:

L(t) =@f0wdm£&n&f)§—:1

N, : total number of stars
normalized IMF: [ (ﬂ) dm =1
dm
2) Consider a galaxy forming stars at a rate M, (t)

N,(t) = M, (t)/m | e

—————

Then, the luminosity is ¥
® M, () [© dn
L =f dt— J dm L(m,t) —
0 m J, dm

M, (t) : star formation history, usually unknown

P
We assume: M, (t) = M, = const and L(m,t > t,4,) = 0
L—M*food dnjoodtL t Jood dn(Lt )’(
- m J, am 0 (m’)_"_l 0 mdma_sllfem
L NS NRy NN

S

(Ltyife)m: total amount of energy radiated by a star of mass m over

——————

its lifetime (calculate from stellar structure and evolution theory)

d s
If we know the IMF ﬁ and (Lty;fe ) and measure@we can derive
the star formation rate.

BALANCE BETWEEN NEW STARS FORMING AND OLD STARS DYING ->
NUMBER OF STARS PRESENT DEPENDS ON SFR, I.E. MEASUREMENT OF
STELLAR LIGHT MEASURES THE SFR!

How good is the assumption of M, (t) = M, = const ?
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E.g. in an entire galaxy, M, is probably const on timescales much shorter
than the dynamical time ~ 200 Myr in the Milky Way. If we observe the
luminosity at a wavelength where the light is coming mostly from stars
with t;re < tgyn ,then L(m,t) - 0 att < tgy,, then a constant SFRis a
reasonable assumption.

' ' ' CONTRAINT:

SFR needs to be constant on
timescales long compared to
lifetimes of stars that generate
the luminosity we measure

E.g. (left) after initiating SF it
takes ~ 4 Myr to reach
equilibrium, i.e. const.|L/SFR
ol . ' ratio.

0.01 0.10 1.00 10.0( 100.00
k (Myr)

(=]
[a=]

Fig. 1.—Ratio of luminosity to star formation rate (upper panel ) and of lu-
minosity to stellar mass (lower panel ) vs. time for a stellar population forming at
a constant rate. We show the following computations: using Starburst99 version I:>
5.0 (Leitherer et al. 1999; Vazquez & Leitherer 2005) with the default param-

measure luminosities
eters (dashed lines); using Starburst99 with an IMF that has a slope of —2.35 . .
from 0.1 M, to 120 M, (dotted lines); and the median (thick solid lines)and 1 o d omin ated by ve ry massive

upper and lower limits (thin solid lines) for 400 cluster simulations computed

with the model of Tan & McKee (2002). Further details are given in §2.1.3. Sta rs (sh 0 rt tlIfE)

Figure 8 (Krumholz & Tan 2007)

—_—

e techniques to detect massive stars '
WV B e e P

2.3.1.2 Recombination Lines

= A5000 K

Hydrogen recombination lines: <$a S Se.
e can be used from ground § L(
e most common technique @ </

Y/

quiescent galaxies (E4, Sa) o Clouds
v

actively star forming galaxies (Sc, Sm/Im)
SV NN
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Figure 2. Integrated spectra of 4 nearby spiral and irregular galazies, from the sample of Kennicutt (1992b).

Abbildung 9 (Kennicutt 1998)
Most prominent lines:
Ha at 6563 A (3->2 electronic transition)
Hp at 4861 A (4->2 electronic transition)

In the IR, the most common lines are:

Paschen ¢ and 8 at 1.87 and 1.28 um (4->3 and 5->3)

¥

¥
Bracket « and y at 4.05and 2.17 um (5->4 and 7->4)

T 5wy owized H

HT

Heﬂ L

" eutrel H

He

+1

Origin: from HIl regions, produced by young massive stars (UV radiation,
7 gfﬁwjvcm 5pher¢

M>10-20)

lonized atoms sometimes recombine to excited states -> radiative decay

to ground level.

To convert the observed line luminosity to a SFR:

1) quantum statistics: yield of photons in various lines per

recombination
2) total recomb. rate = total ionization rate

—_—

o uwm bey oéf iov‘iL{nj p‘o{ou

emited bj Slor

-> total rate of emission for line per ionizing photon

3) compute (Ltj;fe )y from stellar models

-_—


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


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


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


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


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


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


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



M
— X const
m

4) compute fooo dm;l—:1 (Ltjife)m togetL =

L

ISM dominates uncertainty:
* |uminosity dominated by massive stars
» numbers dominated by low mass stars B
6

E.g. stars with M > 15M, provid of the light and below 1% of the
mass. Slight changes in the slope change L significantly.

Optical recombination lines are absorbed by dust -> correction of
luminosities

2.3.1.3  Radio free-free
HIl regions also emit free-free radiation in the radios = bremsstrahlung
of free electrons scattering off ions

e ———————— ot o N

SE———
ey ——

flux from HIl regions S «< n,n; , recombination rate R X n,ny+ therefore

S « rate of ionizing photons injected into the HII region
———

e.g.: from Rabidoux et al. (20124) '/

Ly 20 ( V O (SFRy(M = 5Mp)
(W Hz‘l) _Slix_l-g-_(GHz) Mgyr~1

L7: thermal luminosity (free-free), v = 33 GHz

e

Advantage: radio emission is not absorbed by dust (only technique
possible in the MW!)

Disadvantage: free-free emission rather weak, additional radio emission
(non-thermal) e.g. synchrotron emission needs to be separated which can
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only be done when we resolve individual Hll regions => only possible in

MW and nearby galaxies

h ——

2.3.1.4  Infrared

In dustiest galaxies recombination lines become too absorbed.
100.00 = m Arp220 i
E ] T4 - E
10.00 \ -
é 1.00 = F . ' vy 3
x E linear scale ,7\»/} 3
L C _/' [ 1 7]
L [ ] ]

[
0.10 o —
: N :
i 12 14 |
0.01 = | | | R | | | L1 1111 | =
30 50 100 300 500 1000 3000

Rest wavelength [um]

Figure 10 IR SED of Arp 220
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If sufficient dust => all photons of massive stars absorbed by dust and
reemitted in the IR, e.g. in starbursts

= total IR output of galaxy measures total bolometric power of the
stars in that galaxy.
= in galaxies with high SFR this bolometric power is dominated by
young stars =>n \ /
L(m,t) X Ly,

—_—m———— =,

Problems: /TN

e we miss all opt. UV photons that escape the galaxy without
absorption by dust

e in case of low SFR, Lyo might not be dominated by young stars, so
we overestimate the SFR. achve gulackic muclevs

e [ can be contaminated by AGN contribution

2.3.1.5 uv
broadband UV flux at wavelength > 912 A but shorter than the peak

emission of older stars: 1 = 1250 — 2500A (cannot ionize H)

———
Observable from ground if redshifted A4 Y
Observable from space: GALEX (1300-1800 A FUV, and 1800-2800 A NUV)
!ﬁ vis
ol —— xwm-om o emission dominated by
rrrrrrr Sloan ' g’ r M""SM@
T 60 I -
& with lifetimes of ~ 50 Myr
2 =
240
g
W[ e v Lruy measures SFR

2 F |, uvmz
: integrated over this time

!

2000 3000 4000 5000
Wavelength (A)

Figure 11GALEX bandpass compared to other instruments
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Problems:

e |ong timescales -> SFR needs to be constant a long time
e in smaller regions stars may move away, etc.
e also suffers from dust extinction

2.3.1.6 Combined estimators
/\/\/\/M

Best way to determine SFR is by combining multi-wavelength
measurements

2.3.2  The Kennicutt Law (1998)

empirical relation between gas in galaxies and their SFR

3-a Galaxy type
* Normal/irregular
% Low surface brightness

g * Infrared-selected s
2~ 2 {- Circumnuclear = 10° ¢
T .
| & Lo Metal-poor |
| ]
& - _
-
= [ B! 102 |
- £
5 o ]
> = |
L} 1
= r N = ]
E §‘ lex 4
:5." _1 B - EG 101 r E gﬁ
o = 3
2 E
W
i, - |
[ B! 100 =
=T | i O LIRGS/ULIRGS Ly > 10" L 1
L 4 L O Normal spirals
-4 \ I 10-1 Y A Y T BT
0 1 2 3 4 5 107 108 10° 1010 101
|~‘I'°'g'g'g='r(‘mm'p‘iu—‘——_l Mdense (Me)

Figure 12 Kennicutt & Evans 2012

SFR per unit area of the galaxy disk against gas mass per unit disk area

Ssrr|Moyr tkpc 2| = 2.5 x 10‘4(ZgaS[M®pc—2])

— e T | |
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Also: good correlation involving the angular velocity of rotation (Q at the
edge of the star-forming region of the disk

Zorr = 0.017 Z44,Q
(averages over whole galaxies)

more complete sample shows deviations of simple power law (see Bigiel
et al. 2008)

T T
M51 (Kennicutt et al. 2007) — Apertures
® M51 (Schuster et al. 2007), NGC 4736 and NGC 5055 (Wong & Blitz 2002), and
NGC 6946 (Crosthwaite & Turner 2007) — Radial profiles
2 Non-starburst spirals (Kennicutt 1998b) — Global ]
A Starburst galaxies (Kennicutt 1998b) - Global 22
© LSB galaxies (Wyder et al. 2009) - Global & £ A
1+ e
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origin unclear.

WHAT IS THE ORIGIN OF THE KENNICUTT LAW?
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IR-HCN correlation

———

10
IR o< SFR

HCN « gas mass above
critical density (~10° cm™3)

Ll r][ Ll LI L I " L] L] L]

log[Lir)(Leun)
n

—
oF. .
| TP tight correlation over 10
0 5 . .10 itude!
l0g[L'en1-oJ(K km s~ pe?) orders of magnitude!
T
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log[Lir) (Lsun)
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Fro. 1.—og Ly—log Ly o comelation for Galactic and extragalactic
sources. Jop: Linear least-squares fit for Galactic cores (with Ly = 10°° L ;
pmbols above the dashed ling) and for galaxies, separately. Boffom: Overall
fit for both parts. The three isolated filled squares are high-z HCN 10 points
from Solomon et al. (2003), Vanden Bout et al. (2004), and Canlh et al. (2005);
they are not included in the fit because the sources are Q505 and the contn-
bution from the active galactic miclens to Ly, 15 not yet clear

Figure 13 Wu et al. 2005
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