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Abstract

The origin and ewlution of galactic magnetic elds posesa di cult theoretical problem.
In spiral galaxies,the ! dynamo e ect has beensuccessfuin explaining a majority
of obsenations, but the dynamo requiresa seed eld to be amplied to the magnetic
eld strengthsobsenedtoday. Previousstudieshave shovn that shocks in the gasthat
generatemagnetic elds in an e ect called the Biermann battery may be a signi cant
sourceof the seed eld. Other candidatesfor the sourceof the seed eld include dwarf
galaxieswith strong magnetic elds accretingon to the larger galaxy. In the summerof
2004,Astronomy ProfessorPaul Ricker and | will utilize FLASH, a modular astrophys-
ical code, to follow galactic magnetic eld ewlution beginning from the collapseof a
protogalaxy, and plan to investigatethe sourceof the seed eld. The FLASH code uses
arecen advancein numerical methods called adaptive meshre nement to allow galactic
magnetic elds to be investigatedto a much ner degreewith lesscomputational cost
than previouse orts. An introduction to magnetolydrodynamicsaswell asa qualitative

explanation of the ! dynamoe ect are alsodiscussedn this paper.



1 Intro duction

The role of magnetic elds in astrophysical ervironmerts is becomingincreasinglyrele-
vant to our understandingof the universe. The rst detection of astrophysical magnetic
elds camein 1892whenGeorgeEllery Hale obsened intensemagnetic elds in sunspts
by the Zeemane ect. The birth of radio astronony in the 1930sby Karl Jansky opened
the door to the possibility of investigating astrophysical magnetic elds in more detalil
by detecting the galactic certer's radio emission,and the Voyager missionsto Jupiter,
Saturn, Uranus and Neptunewereinstrumental in expandingour knowledgeof planetary
magnetic elds in the 1970sand 1980s.Advancesin ground-basedadio astronomny have
allowed magnetic elds in our own Galaxy aswell asin other galaxiesto be investigated.
Section3 discusseshose obsenations in the cortext of the ! dynamo.

A theoretical picture has emergedwhere Maxwell's equationshave beenjoined with
hydrodynamicsand appliesto all of the obsenations mertioned. This theory is appropri-
ately called magnetotydrodynamics (MHD) and both analytic and numerical methods

are usedto nd solutionsto theseequations.

2 Magnetoh ydro dynamcs

The principal assumptionof MHD is that in plasmasthe electronsandions o w together
as a single uid. Although the plasma is ionized, this assumptionis justied since
separatinga signi cant number of electronsfrom the ions would result in an extremely
strong Coulonb attraction betweenthe two parts. This assumptionalsoimplies that on
large scalesthe electric eld is zero,and that the displacemen current (proportional to
the changein the electric eld with time) is negligible. Also, sincethe plasmais treated

as a single uid, the electronscan be consideredto \follow" the heavier ions sov is



simply the velocity of the ions. Thus Maxwell's equations(in Gaussianunits) become:
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By solvingfor E in Eq. (5) and substituting into Eqg. (2), an equationcouplingthe B
eld with the velocity, v, is found. This couplingis responsiblefor \ ux freezing" which
strongly assaiates magnetic eld lines to plasmas. This e ect causesboth to move
together in an applied eld sud as gravity, or in situations when the twisting of the
magnetic eld is sewere. Under the assumptionthat the plasmahasnegligableresistance
(which is commonin astrophysical environmernts), the conductivity isin nite and Egs.

(2) and (5) can be rearrangedto become

%+r (B v)=0: (6)

Equation (6) bearssomeresenblanceto the massconseration equation, which happens

to be the rst equation of hydrodynamics,

2+r (v=o ™

where is the density and v is the velocity. Equation (6) involvesthe conseration of
a quantity related to B and v. This coupling of the B eld with the velocity in ux
freezingis an important concept,becausehe magnetic eld of a galaxy is \frozen" into

the plasma, causingthe eld linesto becomewarped and twisted asthe galaxy rotates.



Maxwell's equationscombined with the momerium and energy conseration equa-

tions of hydrodynamicsyield the equationsof MHD (in Gaussianunits):

%+ r (B v)=r (r B) (8)
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%+r (w)=r P+4i(r B) B; (11)
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where = c?=(4 ) is the electrical resistivity. Thesecoupled, non-linear equationsare
often di cult to solwe analytically so numerical methods are often employed in solving
them. The ! dynamois an analytic solution to these equations,relying on the high

degreeof symmetry in spiral galaxiesas a simplifying factor.

3 The | dynamo

Radio obsenations of galaxies have revealed a wealth of information about galactic
magnetic elds. The radio waves are generatedthrough syndirotron radiation caused
by the spiraling of high-energyelectronsaround magnetic elds. The gyro-frequency

which is the frequencyof a particle circulating around a B eld, for electronsis given

by
eB
o = 13
0= 3 m (13)
The power of the obsened electromagneticwaves peaksat % 2 ge Where s just

the Lorentz factor for the high-energyelectrons. The strength of galactic magnetic elds
(which rangesfrom 5-15 G for spirals) and energiesof the relativistic electronsplace

this frequencyin the radio range.



Syndrotron radiation is highly polarized and carries the imprint of the magnetic
eld that the electronswere travelling in. The polarization angle of the radiation is
rotated by the interaction betweenthe electric eld vector and the parallel componert
of the magnetic eld Bj betweenthe sourceand the earth. Astronomerscan correct for
this e ect, called Faraday rotation. The angleof rotation of the polarization vector is

given by
= Rm 2 (14)
where

e’
Ru = m nijde (15)
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The coe cient Ry is known asthe rotation measureof the path. The integral is over a
path, s, alongthe line of sight, and n, is the number density of electrons. By observing
at multiple wavelengths,astronomerscan determine Ry, and correct for the rotation of
the polarization vector to nd the orientation of the magnetic eld at the source.
Figures 1 and 2 presen radio obsenations of the galaxiesNGC 4361and M 51. In

Fig. 1, NGC 4631is shovn with the overall radio power in color, and the eld lines
(determined from correcting the polarization angles)appear as vectors. The length of
the vectorsare proportional to the strength of the magnetic eld. In cortrast to Fig. 1,
the sameobsenational method appliedto M 51, and usingthe sameplotting corvertions
yields a much di erent picture asseenin Fig. 2. The orientation of thesegalaxiesallow
the overall shape of the magnetic eld structure to be seenmore easily The edge-on
orientation of NGC 4631 makesit easierto view the toroidal (or doughrut) shape of its
magnetic eld, whereasM 51 hasa magnetic eld which follows the spiral shape of the
galaxy. The magnetic eld of M 51is represetativ e asa poloidial eld.

The ! dynamoprovidesan explanationto theserepresetativ e cases.Figure 3 from
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NGC4631 22cm Total Intensity 4+ Magnetic Field (VLA)

Figure 1. A radio obsenation of NGC 4631taken with the Very Large Array (VLA)
at a wavelength of 22 cm. Intensity is preserted in color (ranging from the strongest
emissionindicated in red to the badground level shovn in blue) and magnetic eld lines

are indicated by vectors. (Courtesy of the Max-Plandk-Institute fur Radioastronomie)

Widrow (2002) shows a toroidal magnetic eld at (a), perhapsnot unlike the eld of
NGC 4631. Flux freezingdragsthe eld lines along with the rotation of the galaxy,
which spinsfasterin the certer than the edge. This di erential rotation tanglesthe eld
lines as seenin (b), which evertually settle into a poloidial symmetry at (c), much like
M 51. Then supernovae explosionsblast hot plasmaup out of the disk of the galaxy
in (d), carrying the magnetic eld along with the plasmabecauseof ux freezing. The
rotation now twists the loopsin the eld causedby the explosionthrough the Coriolis
e ect. This twisting evertually becomesse\ere enoughthat the eld reverts bad into a
toroidal shapein (f).

Another important feature of the ! dynamois that the magnetic ux is ampli ed

with time asthe galaxy continuesits rotation and twisting of the eld lines. This also



Figure 2: A radio obsenation of M 51 at 6 cm takenwith the VLA. Intensity isindicated
with color (ranging from the strongestemissionindicated in red to the badkground level
showvn in black) and the magnetic eld lines are indicated by vectors.(Courtesyof the

Max-Plandk-Institute fur Radioastronomie)

imposeghe condition that there must be aweakmagnetic eld to \seed"the ! dynamo
for this ampli cation. In other words, if B = 0 initially , without other physicssud as
the Biermann battery, the B eld will be zerothroughout the ewoulution of the galaxy:.

The ! dynamo hasbeenvery successfuin explaining the magnetic eld structure
of spiral galaxies. It is an analytic solution to the MHD equationsthat makesuseof the
high degreeof symmetry exhibited in spirals, and assumeghat the magnitude of the
B eld is zerooutside the galactic disk. Theseassumptionsmake it dicult to apply

to systemswithout symmetric ordered motion, sud as dwarf galaxieslike NGC 4449



Figure 3: The sequenceof magnetic eld ewlution in spiral galaxiesaccordingto the

I' dynamo model. A toroidally shaped eld in (a) through ux freezingewlvesinto
a poloidial eld in (c) and badk again through supernovae explosionsand the Coriolis
e ect, evertually reverting bad to atoroidally shaped eld in (f). (Courtesy of Widrow

(2002))

which exhibits a magnetic eld strength of 14G (Chyzy et. al 2000).

Numerical simulations may be the only way to understand more about magnetic
eld ewlution. Numerical modelling can also shedlight on the sourceof the seed eld.
The Biermann battery e ect, which will be discussedin more detail in section5, has
beenstudied as one a possiblesourceof this seed eld. The origin of the seed eld is a

signi cant problem in completing the picture of the galactic dynamo.



4 Numerical Metho ds

Solving the MHD equationsfor a systemas complicated as a galaxy can be a di cult
task. Fortunately there is no needto \reinvert the wheel"; a number of codes exist
for such a task. The FLASH code is a well-tested and versatile code for astrophysics
simulations. Though originally deweloped to simulate white dwarfs, neutron stars, and
supernovae,it may alsobe usedto investigatecosmologyand galacticdynamicsproblems
aswell. Computationally, FLASH has advantagesin its modular design, giving it the
exibilit y to turn physical e ects \on" and\o " asneeded,and it can be con gured
to include e ects speci ed by the user which may not already be built into the code.
The FLASH code is also conveniert in that the code is primed for parallel processing
acrossmultiple CPUs, but the greatest computational advantage may be in adaptive
meshre nement (AMR).

Adaptive meshre nement is a numerical technique that scalesthe resolution (i.e.
the sizeof the discretevolume elemerts which the di erential equationis approximated
over) of the of the simulation to increaseresolutionin complexareas,instead of wasting
computational power on lessinteresting parts of the simulation. Increasingthe resolution
givesa better approximation to the di erential equations. Figure 4 is an exampleof this
method. It is a FLASH simulation of the interaction betweentwo uids of di erent
densitiesunder a uniform gravitational acceleration. Turbulenceof this type is calleda
Raleigh-Taylor instability. Notice that the AMR blocks become ner asthe boundary
betweenthe uids becomesmore complex.

The FLASH code alsoholdsthe advantagethat it is well tested, with ateam dewoted
to testing its accuracyat the AcceleratedStrategic Computing Initiativ e (ASCI) FLASH
certer at the University of Chicago,where FLASH is maintained. In fact, FLASH sim-

ulations can even be comparedto laboratory experimerts as another meansof verifying
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Figure 4: A simulation of two interacting uids exhibiting Rayleigh-Taylor instability.
The adaptive meshre nement blocks are shavn superimposedon the gure. (Image

Copyright 1999ASCI Flash Certer)

and validating the code. Caulder et al., (2002) compareslaboratory measuremets of
the Raleigh-Taylor instability and laser-driven shock wavesto the predictions of FLASH
simulations. Thesetests provide someperspective to more exotic situations sut asthe

turbulent mixing of white dwarf material, or shack wavesfrom supernovae, for example.

5 Summer Research

In the summer of 2004, Astronomy ProfessorPaul Ricker and | plan to model the
collapseof a protogalaxy using FLASH. This protogalaxyis simply an elliptically shaped
asserblageof gasand dark matter having the massof a galaxy (i.e. within afewordersof
magnitude of 10° solarmasses).The gasis randomly perturbedto breakthe symmetry of
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the calculation and mimic an actual astrophysical object. We are particularly interested
in the seed eld that is amplied by the ! dynamo. Understandingthe seed eld is
critical to explaining the strength of obsened magnetic elds in spiral galaxieswhich
rangefrom 5-15 G (Chyzy et. al 2003).

This problem of protogalactic collapsehas beenaddressedoy a number of previous
studies. Bertschinger (1985) investigatedthe very generalcaseof the collapseof a gas
cloud without including magnetic elds (but including hydrodynamics). Both analytic
and numerical methods were usedto study the dynamicsof the collapsinggasof di erent
collisional properties and ratios of speci ¢ heats . His results can be applied to a wide
range of length scales,including protogalactic collapse.

Davies and Widrow (2000) built on Bertsahlinger's results and speci cally investi-
gated the problem of protogalactic collapse. They studied the vorticity (also called
circulation) of an elliptically shaped collapsinggascloud to learn more about the mag-
netic eld ewlution by infering the magnetic eld from the vorticity. Vorticity is de ned

asthe curl of the velocity eld, v.

' or v (16)

The method of using the vorticity to track the B eld implies that the magnetic eld
pressuredoes not a ect the dynamics of the gasappreciably This meansthat when
reewaluating the MHD equationsin terms of the vorticity, the magnetic pressureterms,
sudh asthe B eld term in Eg. (11), canbe neglected.Under theseassumptionsand the
assumptionthe gaspressureis barotropic (i.e. only dependernt on pressure),combining
Egs. (10) and (11) in terms of the vorticity givesthe following relation in \t ypical” (or

non-shaked) astrophysical environmens,

%+r ¢ v)y=~o: a7)



Equation (17) implies that vorticity is consered the sameway that the B eld is cou-
pled to v in ux freexing (seeEq. (6)). Equation (17) can also be thought of as
consenation of circulation in a uid. A moregeneraltreatment, which appliesto \at yp-
ical" ervironmens sud as shocks as well as the \t ypical" ervironmert, shaws that a
term proportional to (r r P)= 2 is addedto the right hand side of Eq. (17) (this
releasesthe condition that the gasis barotropic). Biermann (1950) shoved that for
electron-ion uids, a more accurate derivation for Eq. (5) createsa term proportional
to (r ne r Pg)=n2 on the right hand side of Eg. (6). Biermann's result, referredto as
the Biermann battery, is generalfor \t ypical" ervironmerts aswell asshocks. Sincethe
vorticity and magnetic eld are guided by similar equations,the magnetic eld can be

inferred from vorticity with the relation
B= !t 104 (18)

where B is in units of gaussand ! is in units of hertz. The constart  is determined
from the ratio of the extra terms that were brought in to generalizeEgs. (6) and (17)
(and speci cally from the proportionality betweenthe electron number density ne and
electron pressureP, to the actual density and pressureP, assumingoverall charge
neutrality). Equation (18) is valid with the only appraximations that the conductivity
of the plasmais in nite, di usiv e e ects are negligible, and that initially B and! are
zero.

Davies and Widrow (2000) found that vorticity increasedbehind shacks in the gas,
which \generate" magnetic elds accordingly by Eq. (18). They concludethat the
Biermann battery is a good candidate for generating seed elds early in the collapse,
allowing more time for the ! dynamo to amplify the eld, and that the Biermann
battery aloneshouldprovide asu cient seedeld to producemicrogaussnagnetic elds
in mature galaxies,but more work needsto be done.
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In Ricker, Widrow, and Dodelson(2000), a di erent numerical approad, called the
piecewise-parablic method (PPM), was usedto simulate the samephenomenon. The
advantage in PPM over the smoothed-particle hydrodynamics code usedin Davies and
Widrow (2000) lies in its ability to simulate discortinuities with more accuracy This
advantage allowed the shacks to be simulated more realistically.

My work this summerwill cortinue build on thesee orts using FLASH, which of-
fers the advantage of using AMR on this problem to achieve higher resolutionsat less
computational cost. In addition to con rming the results of previous studies, we will
investigate the e ect of dwarf galaxieswith strong magnetic elds accreting into the
larger galaxy as another sourceof the seed eld. Until fairly recenly, dwarf galaxies
were thought to have weak magnetic elds. The discorery of NGC 4449's14 G eld
(Chyzy et. al 2000), along with other obsenations, has made dwarf galaxiesworthy of
investigation asa sourceof seed elds. By expandingon previousstudieswith advances
in numerical methods, and increasedcomputational power our goal is to cortinue to
completethe picture of galactic magnetic elds by investigating the e ects mertioned

in this review and others.
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