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Typical molecular cloud
Jeans mass 1 M , Opacity limit 3 MJ, P(k)∝k-4

Denser cloud
Jeans mass 1/3 M

http://www.astro.ex.ac.uk/people/mbate

Lower metallicity cloud
Opacity limit 9 MJ

Large-scale `turbulence’
P(k)∝k-6



Real  Star Cluster Formation

• Just finished a calculation 10 times more massive than                        
Bate, Bonnell & Bromm 2003, Bate & Bonnell 2005, Bate 2005

• 500 M  cloud, using 35,000,000 SPH particles

• Resolves opacity limit for fragmentation

• Follows: 

• Binaries to 1 AU and discs to ~10 AU radius

• All binaries (0.02 AU) and discs to ~1 AU radius

• Statistics much improved over earlier calculations

• 1254 objects at 1.50 tff

• Binaries: 146     Triples: 40  Quadruples: 25   Quintuples: 20





Binarity as a Function of Primary Mass

• Figure from Hubber & Whitworth (2005)

• Observations: Martin et al. 2000; Fisher & Marcy 1992;  Duquennoy & Mayor 1991; 
Shatsky & Tokovinin 2002

• New large cluster calculation: X
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Fig. 3. The multiplicty frequency as a function of primary mass for a) N = 3, b) N = 4, c) N = 5, and d) N = 6, all with σlog M =

0.2, 0.4 and 0.6. The four plotted points with error bars are observational values taken from Martín et al. (2000), FM92, DM91 and Shatsky &
Tokovinin (2002). The hashed box represents the extrapolated multiplicty of PMS stars (Patience et al. 2002).

3.2. Stellar multiplicity

There are many different measures of multiplicity in use (e.g.
Reipurth & Zinnecker 1993; Goodwin et al. 2004b), but we will
limit our discussion to the multiplicity frequency, mf . If the
total number of singles is S , the total number of binaries is B,
the total number of triples is T , the total number of quadruples
is Q, etc., then

mf =
B + T + Q + ...

S + B + T + Q + ...
(7)

and gives the fraction of systems which is multiple. mf is more
stable than the other measures, in the sense that it does not need
to be revised if a multiple system is found to have additional
components, only if a single has to be reclassified as a multiple.

Furthermore mf can be defined as a function of primary
mass,

mf (M1 ) =
B(M1) + T (M1 ) + Q(M1 ) + ...

S (M1 ) + B(M1) + T (M1 ) + Q(M1 ) + ...
, (8)

where S (M1) is now the number of single stars of mass M1 ,
B(M1) is the number of binaries having a primary of mass M1 ,
and so on.

For Main Sequence stars, the observed values of mf (M1 )
are 0.10 ± 0.10 for primaries in the mass range (0.01 M! ≤
M1 ≤ 0.08 M!) (Martín et al. 2000), 0.42 ± 0.09 for pri-
maries in the mass range (0.08 M! ≤ M1 ≤ 0.47 M!) (FM92),
0.58 ± 0.10 for primaries in the mass range (0.84 M! ≤ M1 ≤
1.20 M!) (DM91) and 0.91 ± 0.12 for primaries in the mass

range (4.0 M! ≤ M1 ≤ 10.0 M!) (Shatsky & Tokovinin 2002).
These observational points are plotted with error bars in Fig. 3.

For pre-Main Sequence (PMS) stars the situation is less
clear, because observations of PMS binaries only cover a
limited range of separations. However, in those separation
ranges where PMS binaries can be observed, the multiplic-
ity frequency appears to be significantly higher than for Main
Sequence field stars in the same separation ranges. The compi-
lation of Patience et al. (2002) suggests that for PMS primaries
in the mass range 0.5 M! < M1 < 5 M! the multipilicity fre-
quency is in the range 0.83 < mf < 1.00. This is shown as a
hatched region in Fig. 3.

3.3. The binary period and separation distributions

DM91 have measured the binary properties of a complete sam-
ple of multiple systems in the solar neighbourhood having
Main Sequence G-dwarf primaries. They find the distribution
of periods to be approximately log-normal, i.e.

dN"
d log Pd

∝ exp

−
(
log Pd − log Pd

)2
2σ2

log P

 , (9)

where Pd is the period in days and “log” is to the base 10,
log Pd = 4.8, and σlog P = 2.3. The corresponding distribu-
tion of separations for multiple systems having Main Sequence
G-dwarf primaries is then also log-normal (e.g. Ghez et al.
1993) with log aAU = 1.44 and σlog a = 1.53; Fig. 4b illustrates
this distribution.
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Stellar Mass Distribution
• Competitive accretion/ejection gives

• Salpeter-type slope at high-mass end

• Low-mass turn over

• ~4 times as many brown dwarfs as a typical star-forming region
• Not due to sink particle approximation - results almost identical for different sink parameters



Where to now?

• Statistics now good enough to know that pure hydrodynamics + sink 
particles cannot reproduce observations in detail

• Need to include additional physics

• Radiative transfer

• Have developed a method for flux-limited diffusion within SPH (Whitehouse, Bate & 
Monaghan 2005; Whitehouse & Bate 2006)

• Currently performing star cluster simulations with radiative transfer

• Magnetic fields

• Price & Monaghan 2005; Price & Rosswog 2006; Rosswog & Price 2007

• Star formation simulations: Price & Bate 2007



Magnetohydrodynamics (MHD)

dρ
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= −
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∇ · v

∇ · B = 0

• One-fluid approximation 
to plasma physics

• Ideal MHD implies “flux 
frozen-ness” (gas flows 
along field lines)
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SPH with MHD

• Some formulations of the momentum equation are unstable

• We use the formulation of Morris (1996)

• Shocks

• Use artificial dissipation terms for discontinuities in velocity, magnetic field, energy 
(Price & Monaghan 2004a)

• Maintaining ∇•B = 0: Use Euler potentials

• Euler (1770), Stern (1976), Phillips & Monaghan (1985)

• Use accurate SPH derivatives (Price 2004)

B = ∇α ×∇β
dα

dt
= 0,

dβ

dt
= 0

‘advection of magnetic 
field lines’



Single & Binary Star Formation
Price & Bate 2007

• Dense core R=4x1016cm=0.013pc =2674 AU

• Embedded in warm, low density medium

• M=1 M  in core

• Initial uniform Bz field

• T ~10K

• Solid body rotation

• Equation of state:

P = Kργ

γ = 1, ρ ≤ 10−14g cm−3,

γ = 7/5, ρ > 10−14g cm−3,
Resolution ~ 300,000 particles in core
(30,000 required to resolve Jeans mass, 

ie. fragmentation)



Important Parameters

α =
Etherm

Egrav
Gravity vs pressure

β =
Erot

Egrav
Gravity vs rotation

(
M

Φ

)
/

(
M

Φ

)
crit

Gravity vs magnetic field

Field orientation: Bz or Bx



α = 0.35 β = 0.005 
(Ω =1.77 x 10-13 rad/s)

vary M/Φ
low B

field lines dragged in by 
collapse

high B
collapse along field 

lines

Important Parameters



Effect of Magnetic Fields on Discs: Bz



Effect of Magnetic Fields on Discs: Bx



Effect of magnetic fields on 
circumstellar disc 

formation:

• Discs form later

• Less massive

• Smaller

• Slower accretion rates

• Less prone to gravitational 
instability



α = 0.26

β = 0.16

ρ = ρ0(1 + 0.1 cos (mφ))

m=2

Binary Star Formation
e.g. Boss & Bodenheimer (1979), Burkert & Bodenheimer (1993), Bate & Burkert (1997)



Magnetic Fields and Binary Formation: Bz



Magnetic Fields and Binary Formation: Bx



Impact of Magnetic Fields on Binary Formation
• Magnetic braking is usually thought of as primary effect of magnetic fields

• e.g. Hosking & Whitworth 2004; Machida et al. 2004, 2005, 2006; Banerjee & Pudritz 2006

• We find magnetic pressure is                                                               
the dominant cause of                                                                 
suppressed fragmentation

• see also Boss 2005
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in the axisymmetric case (see §4.1, above). Collapse in the runs
with M/Φ ≤ 3 is strongly suppressed by the magnetic field and
these runs are therefore not shown.

In the binary case there is a clear trend of delayed collapse

and decreasing binary separation as the magnetic field strength in-

creases (top to bottom in Figure 6). Eventually, for very strong mag-

netic fields (M/Φ ≤ 4) binary formation is inhibited completely
(the remnant of the initial m = 2 density perturbation is just visi-
ble at tff = 1.3 in the M/Φ = 4 case, but merges to form a single
protostar at tff = 1.33 and is subsequently surrounded by a mas-
sive, circumstellar disc). We follow the calculations to the point at

which sub-fragmentation occurs in the weak magnetic field runs

(ie. at tff = 1.46 for the hydrodynamic andM/Φ = 20 runs).
Whilst it is tempting to attribute the decrease in binary separa-

tions observed in Figure 6 to angular momentum transport induced

by the magnetic field (ie. via magnetic braking of the core), this is

in fact not the dominant cause. Rather, the magnetic pressure acts to

increase the effective “α” (ratio of thermal to gravitational energy)
in the cloud which reduces the propensity of the cloud to fragment.

That this is the case is demonstrated in Figure 7 where we show the

results of three runs withM/Φ = 7.5, 5 and 4 that were performed
a) without magnetic tension forces (top row of Figure 7) and b)

with no magnetic fields, but with the cloud temperature increased

to give equivalent effective values of α (where the corresponding

values are α = 0.29, 0.34 and 0.38 respectively, determined by
transferring the initial magnetic energy to the thermal energy of the

cloud). The results are shown at tff = 1.33, corresponding to the
centre panels of the fourth, fifth and sixth rows in Figure 6. The in-

teresting point to note is that the trend in binary separation is similar

in both cases (there is a transition from a binary to a single proto-

star), indicating that it is the magnetic pressure which is providing

the dominant effect in suppressing binary formation and that the

effect of magnetic pressure is similar to an increase in the effective

thermal energy of the cloud. That is not to say that magnetic tension

forces are without effect as there are differences between the results

with and without magnetic tension forces. Nor is the effect of mag-

netic pressure exactly equivalent to a thermal pressure, indicated

by the slight differences which remain between the hydrodynam-

ical calculations and the magnetic pressure-only calculations and

the dependence on field geometry (see §4.2.2, below). However,
the dominant effect observed in Figure 6 is primarily attributable to

magnetic pressure effects rather than magnetic braking.

The results shown in Figure 6 are quantified in Figure 8 which

shows the binary separation as a function of time for the magnetic

field strengths shown in Figure 6. Prior to sink particle formation,

we define the binary separation as the distance between the two

highest density maxima constrained to be in opposite hemispheres.

Some spurious effects from this definition are visible at tff ∼ 1.1
in the weak magnetic field runs, where there is a transient density

maximum due to particle gridding effects. Also the results become

meaningless when only one star is formed, as in theM/Φ = 4 case
beyond tff ∼ 1.3 (lowest solid line) at which point we do not plot
any more points. However, the general trend is clear - namely that

the binary separation decreases monotonically as the magnetic field

strength is increased. The M/Φ = 5 case can be seen to form a

very close but eccentric binary system which goes through a closest

approach of ∼ 30 AU.
For the binary star formation case we have also performed

simulations which start from larger initial perturbations (A = 0.2
and A = 0.5 percent) and with larger and smaller cloud radii
(5×1016cm and 3×1016cm). The runs with larger initial perturba-

tions are progressively less influenced by the magnetic field. Indeed

Figure 7. Results of (top row) simulations using a magnetic field initially

aligned with the rotation axis but without magnetic tension forces and (bot-

tom) purely hydrodynamical simulations using ratios of thermal to gravi-

tational energy, α equivalent to the effective support provided by both the

thermal and magnetic pressures. The plots are shown at tff = 1.33 for sim-
ulations with mass to flux ratios (top row) of (from left to right) 7.5, 5 and

4, corresponding to the centre panel of the last three rows of Figure 6. In the

hydrodynamical case (bottom row) we have used α = 0.29, 0.34 and 0.38
respectively. In both cases the same transition from a binary to a single pro-

tostar is observed, indicating that, for fields aligned with the rotation axis,

magnetic pressure plays the dominant role in suppressing binary formation

and that this is similar to an increase in the effective thermal energy of the

cores.

Figure 8. Separation of the binary systems shown in Figure 6 plotted as a

function of time, with field strengths (mass to flux ratios) indicated by the

legend. Prior to sink particle formation, we define the binary separation as

the distance between the two highest density maxima constrained to be in

opposite hemispheres. The plot quantifies the decrease in binary separation

with increasing magnetic field strength seen in Figure 6. The dip at tff ∼

1.1 in the low magnetic field strength runs is a spurious feature due to a
transient density peak related to particle gridding effects.

for the A = 0.5 percent perturbation all of the calculations up to
a mass to flux ratio of M/Φ ≈ 2 formed binaries with separations
that are not significantly influenced by the magnetic field strength.

The effect of changing the cloud radius is to change at what stage

during the collapse the cloud becomes optically thick (ie. the equa-

tion of state changes from isothermal to non-isothermal). Thus disc

fragmentation is (relative to the calculations presented here) sup-
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Figure 6. Results of the binary star formation calculations using a magnetic field aligned with the rotation axis. As in Figure 3 column density in the

fragmenting cloud is plotted, in a sequence of snapshots in time (from left to right) and increasing magnetic field strength (from top to bottom). As previously

times are given in units of the free-fall time, tff = 2.4 × 104 yrs and magnetic field strength is expressed in terms of the mass-to-flux ratio in units of the

critical value, corresponding to B = 0, 40.7, 81.3, 108.5, 163 and 203µG from top to bottom respectively. The separation of the binary system decreases

with increasing magnetic field strength, eventually forming only a single star surrounded by a rotationally-dominated circumstellar disc.

4.2.1 Initial field aligned with the rotation axis

The results of the binary star formation calculations with the initial

magnetic field aligned with the rotation axis are shown in Figure 6,

where as previously we have computed a series of runs of increas-

ing magnetic field strength, corresponding to mass-to-flux ratios in

units of the critical value of (from top to bottom)∞ (that is, hydro-

dynamics), 20, 10, 7.5, 5 and 4. Given the initial temperature and
density of the cloud, the corresponding values for the ratio of gas

to magnetic pressure are βm = ∞, 39, 9.8, 5.5, 2.4 and 1.57 re-
spectively. The results are shown at 5 different times (left to right)

given in units of the free-fall time (2.4×104yrs). The global evolu-

tion of the cloud prior to star formation is similar to that discussed
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Magnetic Tension Forces Can Aid Fragmentation
Full MHD (Bx field)                     No magnetic tension forces

• Effect of magnetic tension strongly dependent on field orientation

• Tension acts to increase fragmentation  (c.f. Boss 2000,2002)

The impact of magnetic fields on single and binary star formation 11

Figure 9. Results of binary star formation calculations using a magnetic field initially oriented perpendicular to the rotation axis (ie. initial field in the

x−direction). As previously times are given in units of the free-fall time, tff = 2.4 × 104 yrs and magnetic field strength is expressed in terms of the

mass-to-flux ratio in units of the critical value, corresponding to B = 40.7, 81.3, 108.5, 163 and 203µG from top to bottom respectively. The transition from

a binary to a single protostar occurs at a lower field strength than with the initial field aligned with the rotation axis.

pressed for smaller cloud radii and enhanced for larger radii but

with similar trends in the influence of the magnetic field.

4.2.2 Initial field perpendicular to the rotation axis

Results of binary star formation calculations beginning with a mag-

netic field oriented perpendicular to the rotation axis (that is, with a

field initially in the x−direction) are shown in Figure 9. As in Fig-
ure 6 some general trends are clear: increasing the magnetic field

strength leads to a delayed collapse and increasingly suppresses bi-

nary formation. In this case, however, the transition from a binary

to a single star occurs earlier (that is, a single star is formed at

M/Φ = 5 in Figure 9 compared to M/Φ = 4 in Figure 6) and
the binary perturbation is increasingly deformed by the magnetic

field, which at higher field strengths results in a “double bar-like

collapse” (most evident in the higher field strength runs in Figure 9.

As previously, the global trends (delayed collapse and tran-

sition to a single star) are the result of the extra support provided

to the cloud by magnetic pressure alone. This is demonstrated by

Figure 10 which shows the results of similar calculations (that is,

with fields initially perpendicular to the rotation axis) but with mag-

netic tension forces turned off. In this case the transition to a single

star occurs for even lower magnetic field strengths (atM/Φ = 10).
This indicates not only that magnetic pressure is providing the dom-

inant role in suppressing fragmentation but also that magnetic ten-

sion can act to dilute the effect of magnetic pressure, even aiding

binary formation. We note that Boss (2000, 2002) similarly con-

cluded that magnetic tension forces can act to promote fragmenta-

c© 2006 RAS, MNRAS 000, 1–15
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Figure 10. Results of binary star formation calculations using a magnetic field initially oriented perpendicular to the rotation axis (ie. initial field in the

x−direction), as in Figure 9 but with magnetic tension forces turned off. The transition from a binary to a single protostar occurs at a lower field strength when
magnetic tension forces are excluded (i.e., magnetic tension aids binary formation).

tion, albeit using a simplistic approximation to model the affect of

magnetic fields.

Comparing the middle column of Figure 10 to the pressure-

only calculations with an aligned magnetic field shown in Figure 7

also demonstrates that the effect of magnetic pressure is dependent

on the field geometry, acting more like a equivalent thermal pres-

sure when the field is aligned with the rotation axis.

The deformation of the binary perturbation in Figure 9 is not

evident in the tension-free calculations (Figure 10), indicating (as

one might expect) that this effect is the result of the gas being

squeezed by the magnetic field lines. It is this squeezing due to

magnetic tension that acts to hold up the rapid transition to a single

star with increasing field strength observed in the tension-free runs

and thus dilute the effect of magnetic pressure in suppressing frag-

mentation. The magnetic field, being in this case aligned along the

binary perturbation, effectively acts as a “cushion” between the two

stars which prevents their merging. This effect, which we hence-

forth refer to as “magnetic cushioning”, is graphically illustrated

in Figure 11 which shows the magnetic field (arrows in left panel,

overlaid on a column density plot) and integrated magnetic pressure

(right panel) in the M/Φ = 10 run (corresponding to the second
row of Figure 9) at tff = 1.35. The “cushion” formed by the mag-
netic field between the two stars is clearly evident, and it is this

“magnetic cushion” which prevents the binary system from merg-

ing to form a single star (and also produces the wonderful symme-

try in the spiral arms).

The results shown in Figure 9 are quantified in Figure 12

which shows the binary separation as a function of time for the

magnetic field strengths shown in Figure 9 and may be compared

with the corresponding figure (Figure 8) for the runs with the field

aligned with the rotation axis. As previously, prior to sink particle

formation, we compute the separation of two density maxima in

opposite hemispheres. In the stronger field runs (M/Φ = 4 and
M/Φ = 5) the binary perturbation is strongly deformed by the
magnetic field, producing the observed increase in separation ob-

served at tff ∼ 1.2. The binary separations are in each case smaller
than the equivalent runs using a field aligned with the rotation axis,

which demonstrates that the effect of the magnetic field of the bi-

nary system is stronger in this case. The effect of magnetic cushion-

ing is also apparent in the fact that the runs withM/Φ = 20, 10 and
7.5 show a trend of increasing binary separation at closest approach
(tff ∼ 1.35), in contrast to Figure 8 (although all the separations
are smaller than in the aligned-field runs).

5 DISCUSSION

We have conducted a study of how magnetic fields affect the col-

lapse of homogenous molecular cloud cores and cores with initial

m = 2 density perturbations. In both cases, the presence of a mag-
netic field produces a delayed collapsed, with a longer delay for

stronger fields. This affect is easily attributed to the effect of the

magnetic pressure on the collapse. The magnetic field gives extra

support to the cloud over the thermal pressure alone; rather than act-

ing like a cloud whose ratio of thermal energy to the magnitude of

gravitational energy α = 0.26 (or 0.35 in the axisymmetric mod-
els), the effect of the magnetic field is to raise the effective value of

α.

5.1 The effect of magnetic fields on protostellar discs

In the homogenous simulations, we find that a single protostar (sink

particle) is formed and surrounded by a disc. Stronger magnetic
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Magnetic Cushioning
The impact of magnetic fields on single and binary star formation 13

Figure 11. Magnetic cushioning in action. The panels show column density and integrated magnetic field vectors (left) and integrated magnetic pressure

(right) at tff = 1.35 in the M/Φ = 10 run (corresponding to the second row of Figure 9). The magnetic field, initially in the orbital plane, is wound up by

the differentially rotating cloud to form a “cushion” between the binary, preventing it merging into a single protostar. Thus, the magnetic cushion aids binary

formation.

Figure 12. Separation of the binary systems shown in Figure 9 plotted as a

function of time, with field strengths (mass to flux ratios) indicated by the

legend.

fields lead to a delay in the formation time of the protostar as men-

tioned above, but they also decrease the rate of accretion onto the

disc. The disc radius also increases more slowly with time. It is well

known that the rate of infall of mass onto a massive disc is crucial in

generating gravitational instabilities (e.g. Bonnell 1994; Whitworth

et al. 1995; Hennebelle et al. 2004) and, indeed, we see this effect

here. In the purely hydrodynamical case, the disc surrounding the

protostar is gravitationally unstable and exhibits strong spiral den-

sity waves soon after the protostar forms (although the instability

is not strong enough to force the disc to fragment). With a mag-

netic field initially aligned with the rotation axis, the slower rate of

mass infall onto the disc leads to a weakening of the gravitational

instability such that for mass to flux ratios less thanM/Φ ≈ 10 the

spiral features are very weak (Figure 3). With a field initially per-

pendicular to the rotation axis, the gravitational instability is very

weak even forM/Φ = 20 (Figure 5).
Gravitational instabilities in protostellar discs may be impor-

tant for several reasons. First, if the gravitational instability is

strong enough, the disc may fragment to form a companion (e.g.

Bonnell 1994; Bonnell & Bate 1994a,b; Whitworth et al. 1995;

Rice et al. 2005). This is particularly relevant to the magnetised

star formation simulations performed by Hosking & Whitworth

(2004a). They began with a rotating cloud that, in the absence of

magnetic fields formed a single object surrounded by a gravitation-

ally unstable disc that fragmented to form companions. With mag-

netic fields initially aligned with the rotation axis, they found that

the disc was much smaller and did not fragment. This is consistent

with our simulations in that we also find that magnetic fields re-

duce the tendency for a disc to be gravitational unstable. However,

Hosking & Whitworth attributed the inhibiting of fragmentation to

the loss of angular momentum due to magnetic tension forces. Here

we find that the effect of magnetic pressure in decreasing the mass

infall rate on to the disc may be just as important in suppressing

disc fragmentation.

Second, if a protostellar disc is gravitationally unstable (but

not so strongly as to fragment), spiral density waves are likely to be

the dominant angular momentum transport mechanism within the

accretion disc (Lodato & Rice 2004, 2005; Fromang et al. 2004).

It is only later when the disc becomes more stable that the magne-

torotational instability is likely to take over as the dominant angu-

lar momentum transport mechanism. Our findings suggest that for

magnetised cores the phase of rapid angular momentum transport

due to gravitational instabilities will be less important than for stars

formed in unmagnetised cores.

Third, it has been suggested that the spiral density waves in

gravitationally unstable protoplanetary discs might aid the forma-

tion of large (kilometre-sized) planetesimals, and thus planets, by

c© 2006 RAS, MNRAS 000, 1–15



First MHD Star Cluster Formation Calculations

• Repeat Bate, Bonnell & Bromm (2003)

• 50 M  cloud, diameter 0.4 pc, mean thermal Jeans mass 1 M

• Same resolution: 3,500,000 particles

• Four times fewer particles per M  than Price & Bate (2007)

• Magnetic field: 0, 10, 20, 40 microgauss

• Mass-to-flux (M/Φ) ratio: Infinity, 20, 10, 5

• Plasma beta (ratio of thermal to magnetic pressure) : Infinity, 7, 3.5, 2

• Follow to 1.6 initial cloud free-fall times (same as original calculation)

• 300,000 yrs









Star Formation Efficiency

• 20% SFEff



Mass Functions
M/Φ=Infinity M/Φ=20

 M/Φ=10 M/Φ=5



Conclusions
• MHD star formation calculations now possible with SPH

• The effects of magnetic fields are complicated (Price & Bate 2007)

• Magnetic pressure can be more important than magnetic tension in inhibiting fragmentation

• Although magnetic tension is responsible for magnetic braking, it can aid binary formation

• Binary formation still possible even with strong fields (M/Φ~3) for perturbed clouds

• Star cluster formation

• Strong magnetic fields (M/Φ~5)

• Decrease the star formation efficiency

• May decrease the ratio of low to high mass objects (i.e. fewer brown dwarfs)

• Can produce large-scale voids and magnetic structures in the gas

• Weak fields do not appear to drastically alter the hydrodynamic picture


