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How do galaxies turn their gas into stars? 
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Star formation occurs in localised events 
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Decomposition of the star formation relation 
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Problem #1: need to resolve clouds 

Problem #2: how to measure time-scales? 



 Physics and scale dependence of galactic SF relations 
J. M. Diederik Kruijssen – Max Planck Institute for Astrophysics 

Spatially resolved star formation relations 

  Recent observations find increasing scatter on smaller scales… 
Kennicutt+07, Bigiel+08, Onodera+10, Liu+11, Leroy+13 
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Spatially resolved star formation relations 

  …or bias when focussing apertures on gas or stellar peaks In
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Spatially resolved star formation relations 
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The breakdown of galactic SF relations on small scales is fundamental 
In

tr
od

uc
tio

n 
Pr

in
ci

pl
e 

Si
m

ul
at

io
ns

 
O

bs
er

va
tio

ns
 

If a macroscopic correlation is caused by a time-
evolution, then it must break down on small scales 

because the subsequent phases are resolved. 
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The breakdown of galactic SF relations on small scales is useful 
In

tr
od

uc
tio

n 
Pr

in
ci

pl
e 

Si
m

ul
at

io
ns

 
O

bs
er

va
tio

ns
 

The way in which galactic star formation relations 
depend on the spatial scale is a direct probe of the 

physics of star formation on the cloud scale   
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Decomposition of the star formation relation 
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The multi-scale nature of SF relations 
provides a way to measure these quantities 
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1. a toy model 
Kruijssen & Longmore 2014, MNRAS 439, 3239 
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A statistical toy model (1) 

  Galactic SF relation results from homogeneous sampling of time sequence 

  Time-integration of single region gives galactic SF relation 
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A statistical toy model (2) 

  What does this mean in practice? 

  To retrieve galactic SF relation from 
    observations: need (at least) one region 
    in aperture that contains the “shortest” tracer 

  Example for tgas = 9 x tstar 
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A statistical toy model (2) 

  What does this mean in practice? 

  To retrieve galactic SF relation from 
    observations: need (at least) one region 
    in aperture that contains the “shortest” tracer 

  Example for tgas = 2 x tstar 
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An uncertainty principle for star formation 

lap 

2 J. M. D. Kruijssen & S. N. Longmore

∆t ! τ, (2)

where τ is a time-scale that fully covers all phases of the SF process
that are traced in galactic SF relations. Observationally equation (2)
can never be satisfied – we cannot observe a stellar cluster and its
progenitor cloud at the same time. Therefore, galactic SF relations
generally consider spatial scales large enough to cover multiple SF
regions.

Observationally, ∆t is non-zero despite the fact that a system
is only observed at a single moment in time. The reason is that to
first order the detection of a gas or SF tracer does not distinguish
at which time exactly this tracer is observed. For instance, the gas
mass that will eventually form stars is visible for a certain duration,
and can be detected throughout. Hence, ∆t reflects how long the
tracer in question can be observed. Because a galactic SF relation
is only reliable if the shortest phase of the SF process is sampled at
least once, its applicability is limited by the phase with the shortest
duration. We define the duration of the SF process as

τ =

N
∑

i=1

tph,i −

N−1
∑

i=1

tover,i,i+1, (3)

where tph,i is the duration of phase i and tover,i,i+1 represents the
duration of the overlap between phases i and i + 1. The ratio of
min (tph,i)/τ then determines the number of independent SF re-
gionsNindep that need to be sampled in order to retrieve the statisti-
cally converged, galactic SF relation. Here, the size of the ‘indepen-
dent’ region refers to the largest spatial scale on which SF events
are correlated, e.g. by global gravitational collapse, triggered SF,
or a galaxy-scale perturbation such as a merger.

Setting ∆t = tph ≡ min (tph,i) to be the shortest phase of
the SF process that is traced in galactic SF relations, we obtain the
ratio ∆t/τ = N−1

indep. We illustrate this result with an example.
If the SF were to consist of two phases such that tph,1/tph,2 = 9
(i.e. 90 per cent of the time is spent in the first phase), then∆t/τ =
0.1 and hence Nindep = 10 independent SF regions need to be
covered to retrieve the galactic SF relation.

In practice, the number of independent SF regions sampled
within a two-dimensional aperture is set by a combination of its di-
ameter ∆x ∝ N1/2

indep and the duration of the shortest phase of the
SF process ∆t ∝ N−1

indep. We can therefore combine equations (1)
and (2) to formulate an uncertainty principle that needs to be satis-
fied for galactic SF relations to hold:

∆x∆t1/2
! λτ 1/2. (4)

Here, ∆x is the spatial scale below which galactic SF relations
break down and ∆t is the duration of the shortest phase of the SF
process that is traced by the SF relation in question. Substituting
∆t/τ = N−1

indep, we retrieve ∆x ! λN1/2
indep and see that λ is

the characteristic separation of independent SF regions. In order to
sample the galactic SF relation fully, we thus require

∆x ! ∆xsamp ≡

(

τ
tph

)1/2

λ. (5)

Next to the statistical sampling in time and space of the full
SF process, additional scatter is introduced by the incomplete sam-
pling of the SF tracer at low SFRs. Observational estimates of the
SFR almost exclusively rely on emission from massive stars, which
statistically may not be produced at low SFRs, which may lead to
an underestimation of the SFR. If we define a minimum SFRmin

for a certain SF tracer to be fully sampled from the IMF, a given
SFR surface density ΣSFR implies that a spatial scale of

Table 1. Star formation tracer properties

Tracer ∆t50%
a ∆t95%

a 〈t〉lum
a SFRmin

(Myr) (Myr) (Myr) (10−3 M" yr−1)

Hα 1.7 4.7 2 1b

FUV 4.8 65 14 0.04c

aFrom Leroy et al. (2012). bFrom Kennicutt & Evans (2012).
cAssuming a FUV flux contribution from stars M ! 3M".

∆x ! ∆xIMF ≡
(

4SFRmin

πΣSFR

)1/2

(6)

is required to retrieve a reliable estimate of the SFR. Here, the fac-
tor of four enters because ∆x represents a diameter rather than a
radius.

Finally, the above limits on the spatial scale on which galactic
SF relations hold only apply if the flux of gas and SF tracers across
the boundary of an aperture is negligible over the duration of the SF
process τ . Any net drift will introduce scatter or potentially system-
atic deviations. Given a velocity dispersion σ, the size-scale should
therefore satisfy

∆x ! ∆xdrift ≡
1
2
στ, (7)

where the factor of 1/2 arises from taking the mean times of both
the gaseous and stellar phases. In practice, the condition of equa-
tion (5) implies that multiple independent SF regions are covered
in a single aperture. Statistically speaking, the flux of gas and SF
tracers across the aperture boundary should be minor and hence
equation (7) should always be satisfied. This will be illustrated in
§3 below.

Together, the above three conditions postulate that galactic SF
relations hold on size-scales

∆x ! ∆xtot ≡ max{∆xsamp, ∆xIMF, ∆xdrift}. (8)

2.2 Specification of key variables

The general uncertainty principle of equation (8) should be satis-
fied when evaluating galactic SF relations, irrespective of the pre-
cise choice of the variables it depends on. However, the practical
application of the principle requires the specification of the (tracer-
dependent) durations of the several phases of the SF process tph,i,
the minimum SFRs required for their use SFRmin, the total dura-
tion of the SF process τ , and the characteristic spatial separation of
independent SF regions λ.

In the rest of this Letter, we illustrate the use of our uncer-
tainty principle by adopting a highly simplified assumption that SF
is a two-step process. During the first phase, the gas tracer can be
detected while no SF is seen, whereas during the second phase, a
young stellar population is in place and the gas has been expelled
due to stellar feedback (or any other mechanism that leads the gas
phase to become undetectable in the adopted gas tracer). Hence, the
duration of the entire SF process is given by τ = tgas+tstar−tover ,
where tgas denotes the duration of the first phase, tstar represents
the duration of the second phase, and we shall set the duration of
the overlap between the gas and stellar phases to tover = 0. As a
result, tph = min{tgas, tstar}. In reality, more phases likely exist
and undoubtedly tover $= 0. The overlap can only be ignored if (1)
its duration is much smaller than that of the entire SF process and
(2) multiple independent SF regions are covered. We will illustrate
the effect of a non-zero overlap in §3.

c© 2012 RAS, MNRAS 000, 1–6
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An uncertainty principle for star formation 

2 J. M. D. Kruijssen & S. N. Longmore

∆t ! τ, (2)

where τ is a time-scale that fully covers all phases of the SF process
that are traced in galactic SF relations. Observationally equation (2)
can never be satisfied – we cannot observe a stellar cluster and its
progenitor cloud at the same time. Therefore, galactic SF relations
generally consider spatial scales large enough to cover multiple SF
regions.

Observationally, ∆t is non-zero despite the fact that a system
is only observed at a single moment in time. The reason is that to
first order the detection of a gas or SF tracer does not distinguish
at which time exactly this tracer is observed. For instance, the gas
mass that will eventually form stars is visible for a certain duration,
and can be detected throughout. Hence, ∆t reflects how long the
tracer in question can be observed. Because a galactic SF relation
is only reliable if the shortest phase of the SF process is sampled at
least once, its applicability is limited by the phase with the shortest
duration. We define the duration of the SF process as

τ =

N
∑

i=1

tph,i −

N−1
∑

i=1

tover,i,i+1, (3)

where tph,i is the duration of phase i and tover,i,i+1 represents the
duration of the overlap between phases i and i + 1. The ratio of
min (tph,i)/τ then determines the number of independent SF re-
gionsNindep that need to be sampled in order to retrieve the statisti-
cally converged, galactic SF relation. Here, the size of the ‘indepen-
dent’ region refers to the largest spatial scale on which SF events
are correlated, e.g. by global gravitational collapse, triggered SF,
or a galaxy-scale perturbation such as a merger.

Setting ∆t = tph ≡ min (tph,i) to be the shortest phase of
the SF process that is traced in galactic SF relations, we obtain the
ratio ∆t/τ = N−1

indep. We illustrate this result with an example.
If the SF were to consist of two phases such that tph,1/tph,2 = 9
(i.e. 90 per cent of the time is spent in the first phase), then∆t/τ =
0.1 and hence Nindep = 10 independent SF regions need to be
covered to retrieve the galactic SF relation.

In practice, the number of independent SF regions sampled
within a two-dimensional aperture is set by a combination of its di-
ameter ∆x ∝ N1/2

indep and the duration of the shortest phase of the
SF process ∆t ∝ N−1

indep. We can therefore combine equations (1)
and (2) to formulate an uncertainty principle that needs to be satis-
fied for galactic SF relations to hold:

∆x∆t1/2
! λτ 1/2. (4)

Here, ∆x is the spatial scale below which galactic SF relations
break down and ∆t is the duration of the shortest phase of the SF
process that is traced by the SF relation in question. Substituting
∆t/τ = N−1

indep, we retrieve ∆x ! λN1/2
indep and see that λ is

the characteristic separation of independent SF regions. In order to
sample the galactic SF relation fully, we thus require

∆x ! ∆xsamp ≡

(

τ
tph

)1/2

λ. (5)

Next to the statistical sampling in time and space of the full
SF process, additional scatter is introduced by the incomplete sam-
pling of the SF tracer at low SFRs. Observational estimates of the
SFR almost exclusively rely on emission from massive stars, which
statistically may not be produced at low SFRs, which may lead to
an underestimation of the SFR. If we define a minimum SFRmin

for a certain SF tracer to be fully sampled from the IMF, a given
SFR surface density ΣSFR implies that a spatial scale of

Table 1. Star formation tracer properties

Tracer ∆t50%
a ∆t95%

a 〈t〉lum
a SFRmin

(Myr) (Myr) (Myr) (10−3 M" yr−1)

Hα 1.7 4.7 2 1b

FUV 4.8 65 14 0.04c

aFrom Leroy et al. (2012). bFrom Kennicutt & Evans (2012).
cAssuming a FUV flux contribution from stars M ! 3M".

∆x ! ∆xIMF ≡
(

4SFRmin

πΣSFR

)1/2

(6)

is required to retrieve a reliable estimate of the SFR. Here, the fac-
tor of four enters because ∆x represents a diameter rather than a
radius.

Finally, the above limits on the spatial scale on which galactic
SF relations hold only apply if the flux of gas and SF tracers across
the boundary of an aperture is negligible over the duration of the SF
process τ . Any net drift will introduce scatter or potentially system-
atic deviations. Given a velocity dispersion σ, the size-scale should
therefore satisfy

∆x ! ∆xdrift ≡
1
2
στ, (7)

where the factor of 1/2 arises from taking the mean times of both
the gaseous and stellar phases. In practice, the condition of equa-
tion (5) implies that multiple independent SF regions are covered
in a single aperture. Statistically speaking, the flux of gas and SF
tracers across the aperture boundary should be minor and hence
equation (7) should always be satisfied. This will be illustrated in
§3 below.

Together, the above three conditions postulate that galactic SF
relations hold on size-scales

∆x ! ∆xtot ≡ max{∆xsamp, ∆xIMF, ∆xdrift}. (8)

2.2 Specification of key variables

The general uncertainty principle of equation (8) should be satis-
fied when evaluating galactic SF relations, irrespective of the pre-
cise choice of the variables it depends on. However, the practical
application of the principle requires the specification of the (tracer-
dependent) durations of the several phases of the SF process tph,i,
the minimum SFRs required for their use SFRmin, the total dura-
tion of the SF process τ , and the characteristic spatial separation of
independent SF regions λ.

In the rest of this Letter, we illustrate the use of our uncer-
tainty principle by adopting a highly simplified assumption that SF
is a two-step process. During the first phase, the gas tracer can be
detected while no SF is seen, whereas during the second phase, a
young stellar population is in place and the gas has been expelled
due to stellar feedback (or any other mechanism that leads the gas
phase to become undetectable in the adopted gas tracer). Hence, the
duration of the entire SF process is given by τ = tgas+tstar−tover ,
where tgas denotes the duration of the first phase, tstar represents
the duration of the second phase, and we shall set the duration of
the overlap between the gas and stellar phases to tover = 0. As a
result, tph = min{tgas, tstar}. In reality, more phases likely exist
and undoubtedly tover $= 0. The overlap can only be ignored if (1)
its duration is much smaller than that of the entire SF process and
(2) multiple independent SF regions are covered. We will illustrate
the effect of a non-zero overlap in §3.
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If this condition is not satisfied: 

  Scatter is large 
  Time-line may only partially be covered 
  Depletion time shorter by  
     factor tgas/tover ~ 10–20 
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Effect when randomly placing an aperture 
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Scatter versus (randomly placed) aperture size 
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Effect when placing an aperture on peaks of gas or star formation  
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Gas depletion time bias versus (specifically placed) aperture size 
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An uncertainty principle for star formation 

  Simple interpretative framework describing multi-scale SF 

  Potentially very powerful tool to obtain: 
    - time-scales involved in SF process (duration, “cloud” lifetimes, etc.) 
    - time spent by gas at different densities (by combining different tracers) 

  Improvements with respect to previous work: 
    - self-consistently accounts for statistics  direct translation to time-scales 
    - no need to resolve individual clouds  works out to z ~ 4 Si
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An uncertainty principle for star formation 

  Simple interpretative framework describing multi-scale SF 

  Potentially very powerful tool to obtain: 
    - time-scales involved in SF process (duration, “cloud” lifetimes, etc.) 
    - time spent by gas at different densities (by combining different tracers) 

  Improvements with respect to previous work: 
    - self-consistently accounts for statistics  direct translation to time-scales 
    - no need to resolve individual clouds  works out to z ~ 4 

This is what ALMA 
was made to do 
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Pipeline to characterise cloud-scale physics 

  Step 1: select tracers 
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Pipeline to characterise cloud-scale physics 

  Step 2: select emission peaks 
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Pipeline to characterise cloud-scale physics 

  Step 3: cut peak sample 
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Pipeline to characterise cloud-scale physics 

  Step 4: convolve maps with top-hat kernels of varying size 
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Pipeline to characterise cloud-scale physics 

  Step 5: depletion time bias (= CO-to-Hα flux ratio w.r.t. galactic average) 
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Pipeline to characterise cloud-scale physics 

  Step 6: fit depletion time bias with KL14++ model and obtain tgas, tover, λ, ε, vfb	
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How well does it work? 

  Test using numerical simulations 

  ‘New SPH’ version of Gadget3 – see Chia-Yu Hu et al. (2014) 
  - pressure-entropy SPH 
  - Wendland smoothing kernel 
  - improved artificial viscosity 
  - artificial thermal energy conduction 

  M33-like disc, resolution in clouds is < 20 pc 

  Age-bin the stars and use maps for tests	
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Current pipeline is accurate to within a factor of 2 
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Numerical simulations show that the method can 
be used to reliably measure tracer lifetimes 
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  Using Hα and CO(1-0) (Rosolowsky+07) 
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  Using Hα and CO(1-0) (PAWS; Schinnerer+13) 

K
ruijssen, S

chruba, Longm
ore + PAW

S
, in prep. 

Aperture size [pc] 

t d
ep

l /
 t d

ep
l,g

al
ax

y 



 Physics and scale dependence of galactic SF relations 
J. M. Diederik Kruijssen – Max Planck Institute for Astrophysics 

Interpretation – physics of cloud-scale star formation? 

  Tempting to draw physical conclusions 

  Compare tgas ~ 30 Myr to tdyn,gal = R/V ~ 35 Myr and tdyn,GMC ~ 10 Myr 

     large fraction of supervirial, transient clouds, hence low ε ~ 0.03? 

  tover ~ 3 Myr suggests HII regions/winds/radiation end star formation 

  λ ~ 100 – 300 pc similar to the Toomre length πGΣ/Ω2 ~ 200 pc 

  Tentative interpretation – only a handful of galaxies so far 
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see talks by Padoan, Chabrier, Fukui, Onishi 
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Future application at ~15 pc resolution & few 103 M sensitivity 
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NGC 300: 8 + 20 hours (ext’d + compact) ALMA Cycle 2 time 

(Schruba & Kruijssen + Longmore, Tacconi, van Dishoeck, Dalcanton) 



 Physics and scale dependence of galactic SF relations 
J. M. Diederik Kruijssen – Max Planck Institute for Astrophysics 

Method opens up entire observable Universe for cloud-scale SF studies 
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Low-resolution simulation 
tgas = 30 Myr 

tgas,fit = 32+27
-12 Myr 

Observed sub-mm galaxy CO(2–1) 
z = 4.05 
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Conclusions 

  Simple framework explains scale dependence of galactic SF relations 

  Powerful method to constrain cloud-scale SF physics out to z ~ 4 

  Numerical simulations show measured time-scales are accurate 

  “The GMC Lifetime” does not exist – it is environmentally dependent 

  Method applies to any correlation that connects subsequent phases 

  Public code available at http://www.mpa-garching.mpg.de/KL14principle 
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