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TopicsTopics

 ““SurfaceSurface””  vsvs    ““volumevolume”” Schmidt law Schmidt law
 Where does the Schmidt law fail?Where does the Schmidt law fail?
 A case of extremely low density gasA case of extremely low density gas
 A problem of the second parameter.A problem of the second parameter.



 Local Schmidt lawLocal Schmidt law::

 Local (and azimuthallyLocal (and azimuthally
averaged) averaged) KennicuttKennicutt--
Schmidt lawSchmidt law::

 GlobalGlobal
   Schmidt law   Schmidt law::

WHAT IS THE SCHMIDT LAW?

(usually divided by the
disk area) 



ModificationsModifications
of the Schmidt lawof the Schmidt law

 The molecular Schmidt LawThe molecular Schmidt Law
          SFRSFR  versus versus σσH2 H2 or or σσHCNHCN
 Ryder-Ryder-DopitaDopita law law
            SFRSFR  ~ ~ σHI

n1  σ*
n2

 ““DynamicDynamic”” Schmidt law Schmidt law
            SFRSFR  ~ ~ σσgas gas V/RV/R
 Free-fall time lawFree-fall time law
            SFRSFR  ~ ~ σσgas gas ((ρρgasgas))1/21/2

The list can be extendedThe list can be extended



The problem to pass from theThe problem to pass from the
surface to volume gas density:surface to volume gas density:

 The   density of stellar disks and theThe   density of stellar disks and the
stellar velocity dispersion are needed,stellar velocity dispersion are needed,
but usually they are badly known.but usually they are badly known.

 Generally accepted assumption thatGenerally accepted assumption that
the  disc thickness remains constantthe  disc thickness remains constant
with radius may be wrong.with radius may be wrong.



Where do we observe a strongWhere do we observe a strong
deviation (or dispersion) fromdeviation (or dispersion) from
the simple power law  with thethe simple power law  with the

exponent N= 1-2?exponent N= 1-2?
 Some individual galaxies (Some individual galaxies (e.g. M33;e.g. M33;

n=3, M81, no SFR-n=3, M81, no SFR-σσgas gas dependence etcdependence etc
))

 Starburst galaxies, Starburst galaxies, LIRGs/ULIRGsLIRGs/ULIRGs
 Inner regions of galaxies with heavyInner regions of galaxies with heavy

bulges (?)bulges (?)
 LSB-galaxies (?)LSB-galaxies (?)



Kennicutt 98



NOTE:NOTE:

 The inclusion of both extremely highThe inclusion of both extremely high
SFR galaxies (SFR galaxies (LIRGsLIRGs, , ULIRGsULIRGs) and) and
extremely low SFR galaxies (extremely low SFR galaxies (LSBsLSBs) tend) tend
to make the SFR-to make the SFR-σσgas gas relationship morerelationship more
steep.steep.



J. Gracia-Carpio et al., 07
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Two points have to be noted:Two points have to be noted:

1. Thickness of gas disc evidently changes along the
radius:
if some regions have the same surface gas density, their
gas volume densities are  different, so it is not evident
that the observed SFR would be the same (even if N =1)

 2. If SFRV ~ρn, the value of n may be different for
radial ρ(R) and vertical ρ(z) profiles.



R. de Grijs and R.F. Peletier, 97
Edge on galaxies,   I-band



WE PROPOSEWE PROPOSE::
A  STABILITY CONDITION as theA  STABILITY CONDITION as the
method to find the upper limitmethod to find the upper limit

of the disc densityof the disc density

A general idea:
For the disc to be stable, the radial velocity dispersion
of stars should exceed some marginal value

THAT IS
A high density  needs a high velocity dispersion!



This is Moscow

A COLLISIONLESS(?) medium

 with the low and anisotropic

velocity dispersion



What gives evidence of marginalWhat gives evidence of marginal
stability of disks?stability of disks?

    1. Masses of discs of S-galaxies, found1. Masses of discs of S-galaxies, found
assuming their marginal stability, agree withassuming their marginal stability, agree with
the estimates obtained by another methodsthe estimates obtained by another methods
(photometry;(photometry;

   decomposition of  velocity curve).   decomposition of  velocity curve).

      NOTE: some galaxies (usually S0) are definitely overheatedNOTE: some galaxies (usually S0) are definitely overheated..

BottemaBottema 1993, 1997, 1993, 1997,
ZasovZasov, , KhoperskovKhoperskov, , TiurinaTiurina, 2001,  2004, 2001,  2004



Zasov et al., preliminary results
See also  Zasov et al., 2004



Bizyaev, Kajsin, 04 
R-band

Mitronova, Bizyaev 06 
K-band

2.The observed disc thickness in the inner parts of2.The observed disc thickness in the inner parts of
edge-on galaxies depends on a de-projected surfaceedge-on galaxies depends on a de-projected surface
brightness, in the same manner, as it follows from thebrightness, in the same manner, as it follows from the

disc marginal stability conditiondisc marginal stability condition



WHAT WE HAVE TO KNOW:WHAT WE HAVE TO KNOW:

σ(r) = 1/Q · Cr·κ/3.36G, where κ-epicyclic frequency

 ROTATION CURVE
    (corrected for the asymmetric drift if necessary)

 DISC SURFACE DENSITY
    (rotation curve and/or  disc colour, assuming M/L~const)

 THE RATIO Cz/Cr = const
    (assumed to be~0.6)

 VELOCITY DISPERSION OF GAS
     (VHI~9 km/s, VH2~6 rm/s)

 TOOMRE PARAMETER QT corresponding to the marginal
case



Analytical local criteria of stability to theAnalytical local criteria of stability to the
perturbations in the plane  of a disc:perturbations in the plane  of a disc:

 ““ClassicalClassical””  ToomreToomre  criteriumcriterium
((Cr)Cr)TOOMRETOOMRE = Q = QTT••3.36G3.36Gσσ//κκ
where QQT T = 1 (radial perturbations only),= 1 (radial perturbations only),
 Modified Modified ToomreToomre’’ criterion criterion
QQT T = 2= 2ΩΩ//κκ
   MorozovMorozov’’ criterion criterion
QQT T = (2= (2ΩΩ//κκ)(1+F)(1+FMM (Cr,  (Cr, ΩΩ, , κκ, d, dσσ//drdr, , dCdCrr/dr/dr, d, dΩΩ//drdr))
   Polyachenko-Polyacheko-StrelPolyachenko-Polyacheko-Strel’’nikovnikov

criterioncriterion
QQT T = = FFPP(dln(dlnΩΩ//dlnrdlnr))



Different numerical 3D models are represented, 
evolving from the initial subcritical condition



A THEOREM OF MIDPLANE DENSITYA THEOREM OF MIDPLANE DENSITY
 of marginally stable disk of marginally stable disk

 If to admit that the stellar disc of a galaxy isIf to admit that the stellar disc of a galaxy is
marginally stable, then the estimated values ofmarginally stable, then the estimated values of
scale height and scale height and midplanemidplane density of gas very density of gas very
weakly depend on both the adopted surfaceweakly depend on both the adopted surface
density or the adopted scale height of the stellardensity or the adopted scale height of the stellar
disc.disc.

  It follows from the proportionality between C  It follows from the proportionality between Crrand and CCzz
      The increasing of the surface density of stellarThe increasing of the surface density of stellar

disk leads to the increasing of the stellardisk leads to the increasing of the stellar
velocity dispersion and , in turn, to thevelocity dispersion and , in turn, to the
increasing of  disk scale height. As the result,increasing of  disk scale height. As the result,
the volume density of gas of fixed surfacethe volume density of gas of fixed surface
density , embedded into a disk, remainsdensity , embedded into a disk, remains
practically unchanged.practically unchanged.



Self-consistent model of aSelf-consistent model of a
galaxygalaxy

Components:Components:
HI (i=1); H2(i=2), stellar disc (i=3), spherical haloHI (i=1); H2(i=2), stellar disc (i=3), spherical halo

(d)(d)

4  equilibrium equations :4  equilibrium equations :
-(V-(Vz,iz,i))22//ρρi i x (x (ddρρii/dR/dR) = ) = ΣΣii ( (∂ϕ∂ϕii / /∂∂z) +z) +∂ϕ∂ϕhalohalo//∂∂zz

4 Poisson equations:4 Poisson equations:
ΣΣii ( (∂∂22  ϕϕi i //∂∂zz22) = 4) = 4ππG G ΣΣii  ρρii

  For z = 0:  For z = 0:
    ρρii = ( = (ρρ00))ii ,    ,   ddρρii / /dzdz =0. =0.



Zasov, Abramova, 2007
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Zasov, Abramova, 2007
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Star formation rateStar formation rate

-a combination of UV+FIR-a combination of UV+FIR
following the papers byfollowing the papers by
 BoissierBoissier et al, 2004;  et al, 2004; HirashitaHirashita et al, et al,

2003:2003:



The correlation is much betterThe correlation is much better
now and now and ““nn”” is closer to unit is closer to unit

SFR-midplane volume gas density   SFR-surface gas density



The second parameter is theThe second parameter is the
local  surface density of stellarlocal  surface density of stellar

discdisc

Zasov, Abramova,2007 Leroy et al, 2008

Central regions (R=1-2 kpc)
are not shown here



Is gas pressure a key factor?Is gas pressure a key factor?
 PPgasgas~ (G~ (GΣΣ**/h/h**))0.50.5ΣΣgasgasVVgasgas
 (Blitz, (Blitz, RosolowskyRosolowsky, 2004, 2006), 2004, 2006)

      Custom assumptions:      Custom assumptions:
 VVgasgas  is constant (in agreement with the observations)is constant (in agreement with the observations)
 hh** is constant (rather arbitrary) is constant (rather arbitrary)
 Gas gravitation and self-gravitation are ignoredGas gravitation and self-gravitation are ignored
 A presence of dark halo , which makes the potential well moreA presence of dark halo , which makes the potential well more

steep is ignored.steep is ignored.

 SELF-CONSISTENT SOLUTION IS PREFERRABLESELF-CONSISTENT SOLUTION IS PREFERRABLE







These are galaxies with massive bulges



M81
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It is the essential point:It is the essential point:

 The external thermal pressure of gasThe external thermal pressure of gas
squeezing the galaxy discs in thesqueezing the galaxy discs in the
inner regions of bulges rich of hot-gasinner regions of bulges rich of hot-gas
may  be significantmay  be significant



SF IN LOW DENSITY REGIONSSF IN LOW DENSITY REGIONS

 Outer regions of normal S-galaxiesOuter regions of normal S-galaxies
 Disks of S0- galaxiesDisks of S0- galaxies
 Disks of LSB galaxiesDisks of LSB galaxies



LSB and S0 LSB and S0 ––galaxies: are theygalaxies: are they
marginally stable?marginally stable?

 Discs of some of them are definitelyDiscs of some of them are definitely
overheatedoverheated

 LSB: two possibilities:LSB: two possibilities:
   - Either they have    - Either they have underluminousunderluminous disc disc

with with ““normalnormal”” stellar population, or stellar population, or
their disc is nearly maximal, and theirtheir disc is nearly maximal, and their
M/L is larger than expected (M/L is larger than expected (FuschFusch,,
2002).2002).

`̀



Kinematic data are from 
Pizzella et al, 2008

M/L profile
calculated under
the assumption of
marginal stability
of the disc of LSB
galaxy.





LSB-galaxies                        SO-galaxies

stars, M
/L=4

stars, M
/L=4

stars,

M/L=1

stars,

M/L=1

gas

S0-galaxies







 The decreasing of SFE in the outer parts ofThe decreasing of SFE in the outer parts of
the disks is just the result of the radialthe disks is just the result of the radial
increasing of thickness of gas layer, whichincreasing of thickness of gas layer, which
in turn is caused by the low density ofin turn is caused by the low density of
stellar discs.stellar discs.

 Although under the extremely low densityAlthough under the extremely low density
conditions of the outer regions of LSB discsconditions of the outer regions of LSB discs
the situation may be more complicated.the situation may be more complicated.





A FIXED RANGE OF
ΣHI~2.5-4 Ms/pc2

LSB: do their stellar disk not play a crucial role in SFE(?)

A typical error



 N>1 : a problem with SF historyN>1 : a problem with SF history



N>1 : a problem with the description 

N>1 : a problem with the description 

of SF history
of SF history



n=1



Backward time 



Backward time 



Backward time 



Backward time 

n=2



Backward time 



 Tota

Backward time 
NO SOLUTION!
l mass of the formed
stars exceeds the
disc mass



Backward time 

NO SOLUTION!
Total mass of the formed
stars exceeds the disc
mass



 One may propose that in the past,One may propose that in the past,
when  when  σσgasgas exceeded 10-20 M exceeded 10-20 Ms/pcs/pc22, , thethe
SFR was linearly connected both withSFR was linearly connected both with
the surface and with the volumethe surface and with the volume
densities.densities.

 The accretion seems to be inevitableThe accretion seems to be inevitable
to account for  the observed disc massto account for  the observed disc mass
density in the case of  n>1.density in the case of  n>1.



INITIAL GAS

MOLECULAR
GAS

COLD H2-CORES

NEWBORN STARS

Short way:
Shock waves, turbulence

long way
(grav/magnetograv instability)

FEEDBACK



It also means the growingIt also means the growing
fraction of fraction of ““sparespare”” (non active) (non active)

gas along the radius.gas along the radius.
..
 In the disc periphery, due to low stellarIn the disc periphery, due to low stellar

density and high scale height of the gas  thedensity and high scale height of the gas  the
time for its sinking into the time for its sinking into the mainplanemainplane  may  may
be too long for the gas to be involved intobe too long for the gas to be involved into
the the starformingstarforming process. process.

 The fraction of this non-active gas shouldThe fraction of this non-active gas should
increase parallel with the decreasing of theincrease parallel with the decreasing of the
surface density of disc.surface density of disc.



ConclusionsConclusions

 SFR  correlates better  with the volume gas (HI+H2)SFR  correlates better  with the volume gas (HI+H2)
density than with the surface one. It explains atdensity than with the surface one. It explains at
least partially the  observed decreasing of SFE withleast partially the  observed decreasing of SFE with
R.R.

 Galaxies with extremely low SFR are in general atGalaxies with extremely low SFR are in general at
the same sequence at the the same sequence at the ““volume Schmidt lawvolume Schmidt law””
diagram.diagram.

 The Schmidt power law is certainly not universalThe Schmidt power law is certainly not universal

both both ““in space and timein space and time”” ,  , but itbut it
works!!!.works!!!.



THANK YOU!THANK YOU!


