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The origin of cosmic magnetic fields
• Biermann battery sets the initial field at 10-20 G (Naoz & Narayan 2013).  

• Current magnetic fields in local galaxies reaches several 10-6 G. 

• High-redshift galaxies seems to have 10x larger fields, probably even 
increasing with increasing redshift (Bernet, Miniati & Lilly 2013)

• Early galaxy formation MHD simulations with no or 
weak feedback show moderate field amplification: 
Wang & Abel (2009), Dubois & Teyssier (2010)

Wang & Abel (2009)

• Successful large-scale dynamos are slow with growth rate              up to    
Hanasz et al. (2004), Pariev et al. (2007), Gressel et al. (2008)

' 0.1⌦ ' 0.1⌦
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Recent simulations of magnetic fields in galaxy formation
• Beck et al. (2012): GADGET code, new MHD solver, small scale dynamo as a 

source of fast field amplification 

• Pakmor and Springel (2013): AREPO code, new MHD solver, large scale field 
with fast amplification. See also Marinacci et al. (2015). 

• Rodrigues et al. (2015): semi-analytical models of galaxy formation, small scale 
dynamo as a source of random fields, followed by mean field amplification for 
the large scale field

Beck (2015)
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Supernovae feedback in dwarf galaxies

Supernovae feedback implemented using 
non-thermal energy dissipation (Teyssier 
et al. 2013) result in the formation of thick 
disks with V/sigma ~ 1, and a strongly 
reduced SF efficiency (Ms/Mh ~ 0.01). 

This is in striking agreement with the 
nearby isolated dwarf WLM (Eastman et 
al. 2012) although Ms/Mh ~ 0.001.
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Turbulent dynamo in a dwarf galaxy

gas density



Romain TeyssierRingberg 2016 

Magnetic field generation in dwarf galaxies
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A small scale dynamo ?
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Saturation of the small scale dynamo

Schober et al. (2015)
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Suppressing feedback after 4 Gyr 
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A theory for the cosmic dynamo

In high-redshift, feedback-dominated galaxies with               , we obtain a small 
scale magnetic dynamo with growth rate set by the smallest scale, and reaching 
saturation on larger and larger scales.

� ' V
rot

Around redshift 2, for more massive galaxies, we have a transition from 
dispersion-dominated spheroids to rotation-dominated discs.

Formation of razor-thin discs, with competition between amplification through 
collapse and dissipation through reconnection.

Later time evolution: magnetic energy is slowly decaying, or is slowly maintained 
by a large-scale dynamo. Observational characteristics set by the large scale 
dynamo.
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Saturation of the small scale dynamo in the corona is only at 10% of 
equipartition. The field is highly turbulent with a flat power spectrum.

Final magnetic field in the disc is toroidal and close to equipartition.
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Radiation plays a role in shaping galaxies

1- UV radiation heats the 
gas

2- UV radiation gives 
momentum to the gas

3- IR radiation can 
multiply scatter and gives 
more momentum

Radiation driven feedback is invoked to model stellar feedback in current galaxy 
formation simulations. Only implemented through sub-grid models.

Hopkins et al. (FIRE) Roskar et al. (2014)

Different modes of radiation feedback, modelled self-consistently using 
radiation hydrodynamics in RAMSES-RT (Rosdahl et al. 2011, 2015)
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Galaxies that shine
Isolated galaxy with 5 different photons groups, photo-ionisation and dust absorption.

• 1011 solar masses halo 
• 3x109 solar masses baryonic disk 
• 50% gas fraction.

• 106 stellar and DM particles 
• 18 pc resolution 
• 0.1 solar metallicity

Feedback processes:  
• thermal SN energy injection (no trick)  
• radiation from the B&C (2003) SEDs. 
• HI and dust opacities

Rosdahl et al. (2015)

Radiative processes: 
• photo-ionisation heating 
• direct pressure from UV 
• IR pressure from dust scattering
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The interplay between radiation and supernovae

Rosdahl et al. (2015)
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Problem: unresolved HII regions

Stromgren sphere around one star particle is barely resolved at or above star 
formation density threshold. Need stochastic feedback or new star formation recipe.

Rosdahl et al. (2015)



STAR FORMATION IN HIGH-Z GALAXIES

CLASSICAL STAR FORMATION CRITERION

▸ Local Schmidt law: 

▸ Density trigger              and efficiency are free 
parameters 

▸           are fine tuned to match the KS relation 

▸ In high resolution hydro simulations, common 
values are: 

▸ ε~1% 

▸ ρ0~100 cm-3
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
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
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

Daddi et al. 2010
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▸ Consider the local Virial theorem locally 

▸ Benefit: this formulation does not depend on free parameters! 

▸ Only depends on the ability to resolve the turbulent cascade

STAR FORMATION IN HIGH-Z GALAXIES

VIRIAL STAR FORMATION CRITERION

�2
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Hopkins, Narayanan, 
Murray 2013

See also Semenov, 
Kravtsov, Gnedin 2015
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Devriendt et al. in prep.
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MERGER STELLAR FEEDBACK SIMULATION

Density criterion Virial criterion

Rini=50 kpc 

Rperi=10 kpc 

e=0.7
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STAR FORMATION HISTORY
bin=10 Myrbin=1 Myr

σ=0.09 
σ=0.53 

σ=0.13 
σ=0.66 
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WHERE ARE BORN THE STARS?
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KENNICUTT-SCHMIDT RELATION
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CLUSTERING OF SF FROM RESOLVED TURBULENCE Mock SDSS ugr @ t=1 Gyr
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CLUSTERING OF SF FROM RESOLVED TURBULENCE Mock SDSS ugr @ t=1 Gyr
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CLUSTERING OF SF FROM RESOLVED TURBULENCE
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STAR CLUSTERS POPULATION
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no feedback 
SMBH growth 
only

SN feedback 
only 
SMBH growth 
only

SMBH dynamics in clumpy galaxies
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SMBH dynamics in clumpy galaxies

AGN feedback 
only

Both SN and 
AGN feedback
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Nuclear star cluster and SMBH coevolution ?

Both SN and 
AGN feedback 
with a nuclear 
star cluster 100x 
more massive 
than the SMBH
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Same effect as in Costa, Sijacki & Haehnelt (2015)

The interplay between SN and AGN feedback
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Conclusions

• Small-scale dynamos appear as a viable mechanism to amplify primordial fields in 
feedback dominated galaxies. Need a critical resolution to see the dynamo. 

• Saturation of the dynamo at 1/10 of equipartition in the galactic corona. 

• Late time evolution: collapse back to a thin disk and finally reach equipartition. 

• New physics: radiation hydrodynamics of galaxy formation. Very sensitive to 
resolution and adopted star formation recipe. 

• Current sub-grid models of radiation feedback are probably optimistic. 

• New star formation recipe based on local turbulence. High resolution is required to 
resolve the supersonic turbulence. More realistic star clusters ? 

• SMBH models at higher resolution are tricky to handle. Dynamics in clumpy galaxy 
seems to point towards the need for NSC and SMBH co-evolution.  

• Resolved ISM and SMBH feedback as the origin of fast cold outflows ?


