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MODELING THE EVOLUTION OF GALACTIC MAGNETIC FIELDSD. Yar-Mukhamedov *Cavendish Laboratory, University of CambridgeCB3 0HE, Cambridge, United KingdomRe
eived July 8, 2014An analyti
 model for evolution of gala
ti
 magneti
 �elds in hierar
hi
al galaxy formation frameworks is intro-du
ed. Its major innovative 
omponents in
lude expli
it and detailed treatment of the physi
s of merger events,mass gains and losses, gravitational energy sour
es and delays asso
iated with formation of large-s
ale magneti
�elds. This paper des
ribes the model, its implementation, and 
ore results obtained by its means.DOI: 10.7868/S00444510150400471. MODEL FOR GALACTIC MAGNETICFIELDS1.1. Initial assumptionsBy 
reating this model, we aim to develop a semi-analyti
 approa
h for modeling gala
ti
 magneti
 �elds,whi
h solves several known problems, in
luding:� the problem of overpredi
tion of magneti
 �eldstrengths for high-mass galaxies, as pointed out in [1℄;� problems arising as a result of treating evolution ofmagneti
 �elds 
ompletely independently of mass evo-lution;� 
omputational e�
ien
y problems.We pro
eed �rst to formulate assumptions that de-�ne the galaxy formation and evolution framework.� Ea
h galaxy 
onsists of the 
entral supermassivebla
k hole; the bulge (or spheroid); the disk; the haloof hot gas; the dark matter halo. The spheroid and thedisk 
ontain 
old gas and stars.� All 
omponents 
an grow through mergers and a
-
retion. However, mergers 
an also trigger mass trans-fer from the disk to the spheroid through the disk in-stability me
hanism, leading to a de
rease in the diskmass.� Both star formation and supernovae redu
e theamount of 
old gas. Star formation, however, returnssome gas into the system, while supernovae input someenergy.*E-mail: danial.su�gmail.
om

We next 
onsider assumptions on the stru
ture andbehavior of gala
ti
 magneti
 �elds.� Magneti
 �elds in a disk of a galaxy are repre-sented by ordered magneti
 �elds, whi
h exhibit large-s
ale stru
ture, and 
haoti
 (also 
alled random orturbulent) �elds, whi
h have no expli
it stru
ture onthe gala
ti
 s
ales, but 
an show ordered behavior onsmaller s
ales.� The gas in a gala
ti
 disk 
an be treated as amagnetohydrodynami
 �uid, whi
h results in equipar-tition of the total energy E� of the system between theenergy of the turbulent motions Et of the disk gas andits magneti
 �elds Em [1℄_Et = _Em: (1)� In the assumed approximation, magneti
 �elds aretied to the 
omponents where they formed and theirevolution in ea
h 
omponent pro
eeds independently.� We further assume that the ordered magneti
�elds form merely in gala
ti
 disks; we therefore 
on-sider disks only. Nevertheless, the same reasoning withminor 
orre
tions 
an be used to derive various proper-ties of magneti
 �elds for other 
omponents of a galaxyif needed.We next 
onsider the assumptions that are new tothis model and, to the best of our knowledge, have notbeen implemented in other semi-analyti
 models.� All energy 
omponents of a system are tied to a
old gas, and therefore any de
rease in the mass in agas 
ontainer results in the 
orresponding loss of energy702
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 �elds_E = : : :� E _M�M ; (2)where E is some energy 
omponent (E�, Et, Em, et
.),M is the mass of the 
old gas, and _M� is the negativepart of the gas mass rate.� The times
ale of the pro
ess of formation of or-dered magneti
 �elds from 
haoti
 magneti
 �elds inthis model is parameterized, and is therefore propor-tional to the period of rotation of the galaxy insteadof being equal to it. The latter simpler approa
h wasused in [1℄.� Mass gains from mergers are treated expli
itly,thus allowing for a detailed investigation of merger-re-lated e�e
ts on the evolution of energies of the orderedand random 
omponents of gala
ti
 magneti
 �elds.1.2. Equations of energy balan
eThe rate of 
hange of the total energy of a systemwith time depends merely on the rate of energy inputsand outputs _Eio, whi
h, after taking (2) into a

ount,yields _E� = _Eio � E� _M�M : (3)

For the rate of 
hange of the energy of ordered mag-neti
 �elds _Eo, everything is somewhat more 
ompli-
ated. When the ordered energy is less than a half ofthe total energy, it would draw energy from the 
haoti
magneti
 �eld E
 and lose it only due to mass losses (2).However, in the 
ase where the total energy de
reasesand the ordered magneti
 �eld energy is half the totalenergy, it follows that due to energy equipartition (1),the energy of the ordered magneti
 �eld should de
reasealong with the total energy without any delays. Both
onsiderations together give_Eo = 8>><>>:12 _E�; Eo = 12E� and _E� < 0;E
� � Eo _M�M otherwise; (4)where � is the ordered magneti
 �eld formationtimes
ale, whi
h is proportional to a period of rota-tion of the 
onsidered galaxy, whi
h hen
e depends in-dire
tly on time.As a result of the merger, the disk stru
ture andlaminar motion of interstellar gas 
an be disrupted,leading to a partial destru
tion of large-s
ale magneti
�elds, whi
h 
an be a

ounted for by adding more sum-mands to (4), leading to_Eo = 8>><>>:12 _E�; Eo = 12E� and _E� < 0;E
� � Eo _M� + kdg _Mmg + kds _MmsM otherwise; (5)where kdg and kds are the e�
ien
ies of the respe
tiveme
hanisms asso
iated with infall of gas and stars, and_Mmg and _Mms are the 
orresponding mass infall rates.This, however, does not de
rease the total energy of thesystem.Finally, all other energies i. e., the turbulent energy,the total energy of magneti
 �elds, and the 
haoti
 en-ergy, 
an be obtained from the energy balan
e equa-tions _E� = _Et + _Em; (6)_Em = _E
 + _Eo; (7)and equipartition assumption (1).1.3. Sour
es and sinksIn the re
ent work [1℄ on semi-analyti
 modelingof magneti
 �eld formation and evolution, its authorsassumed that the total energy rate 
onsists merely of

� the gravitational energy rate 
orresponding to theenergy brought into the system by a

retion;� a positive energy rate 
aused by various super-novae feedba
k me
hanisms;� a negative energy rate due to removal of energyby star formation.In this model, in addition to those sour
es, we a
-
ount for� energy 
hanges due to mergers in
luding the gravi-tational energy of infalling matter and in the 
ase wheremerger 
auses a disk instability, the negative energy
hanges due to the transfer of mass from the disk tothe bulge;� supernovae expulsive feedba
k, whi
h 
auses allenergies of the system to de
rease as a result of in
ur-ring mass losses.703
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aused by the
orresponding mass losses, and hen
e it is possible toa

ount for all of them just by expli
itly de�ning allthe mass rates as_M = _M+ � _M�; (8)_M+ = _Ma + _Mmi + _Msfi; (9)_M� = _Msfo + _Msn + _Mmo + _Mdi; (10)where _M+ is the positive part of the total mass rate,_Ma is the positive mass rate due to a

retion of matterto the disk, _Mmi is the positive mass rate due to a
-quisition of additional mass through mergers, _Msfi isthe mass input due to gas re
y
ling, _Msfo is a negativemass rate due to the e�e
ts of star formation, _Msn isa negative mass rate due to expulsive supernovae feed-ba
k, _Mmo is a negative mass rate due to mergers, and_Mdi a negative mass rate due to disk instability.The rest of energy rates should be a

ounted expli
-itly, _Eio = _Esn + _Ea + _Em; (11)where _Esn is the energy input rate due to supernovaefeedba
k, _Ea is the energy input rate due to a

retion ofmass into the gala
ti
 disk, and _Em is the energy inputrate due to mergers.We now de�ne model parameters that determinee�
ien
ies of various energy sour
es and sinks. Wea

ount for the e�
ien
y of supernovae with ksn, a
-
retion with ka, and mergers with kmg for the gaseous
omponent and kms for the stellar one; �nally, k� de-�nes the relation between a 
hara
teristi
 times
ale �and the period of rotation of a galaxy.We now 
onsider the energy sour
es individually.We begin with a

retion, where the energy rate is_Ea = kaG _Ma rghZrd M +�Mr2 dr == kaG _Ma 24M � 1rd � 1rgh�+ rghZrd �Mr2 dr35 ; (12)where G is the universal gravitatinal 
onstant,M is thetotal mass inside the disk radius, �M is the fra
tion ofmass between the 
urrent infall distan
e and the diskradius, rd is the radius of the gala
ti
 disk, and rghis the radius of the hot gas halo. This result 
an besimpli�ed by �rst assumingM � �M (13)

and then rd � rgh; (14)whi
h leads to_Ea � kaG _MaM � 1rd � 1rgh� � kaG _MaMrd : (15)The energy rate of the sour
e asso
iated with merg-ers is_Em = kmgG _Mmg rgZrd M +�Mr2 dr ++ kmsG _Mms rgZrd M +�Mr2 dr == G�kmg _Mmg + kms _Mms��� 24M � 1rd � 1rg�+ rgZrd �Mr2 dr35 ; (16)where rg is the distan
e between merging galaxies, and_Mmg and _Mms are the respe
tive rates of gas andstar infall. To simplify the obtained result, in additionto (13), we 
an assume thatrd � rg (17)whi
h leads to_Em � G�kmg _Mmg+kms _Mms�M � 1rd� 1rg� �� G�kmg _Mmg + kms _Mms�Mrd : (18)Further possible simpli�
ations of both thesesour
es in
lude� equivalen
e of the merger and a

retion e�
ien
y
oe�
ients ka = kmg; (19)whi
h 
an be assumed to be true be
ause a

retion ofgas from a hot halo shares many similarities with thea

retion of gas from a satellite galaxy in 
ourse of themerger event;� equivalen
e of the total negative rate to the overallnegative rate _M� � � �� _M� _M; (20)704
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 �eldswhere � is the Heaviside step fun
tion; this assumptionholds when��� _M����� ��� _M+��� _ ��� _M����� ��� _M+��� ; (21)� equivalen
e of the total positive rate to the overallpositive rate _Mmg + _Ma � � � _M� _M; (22)_Mms � � � _Mts� _Mts; (23)where _Mts is the total stellar mass 
hange in the disk;approximation (22) works only if (19) is appli
able, (21)is assumed, and _M+ � _Ma + _Mmi;i. e., the re
y
led gas is negligible, and (23) works if (21)is assumed for stellar masses and_Mts+ � _Mms;i. e., the amount of forming stars is mu
h smaller thanthe amount of stars in
orporated into a galaxy as a re-sult of mergers; thus, the _Mts+ total positive stellarrate is dominated by stars from the satellite galaxy.1.4. SolutionsAlthough the mass and energy rates should be de-termined in order to obtain 
on
lusive results, it is stillpossible and, moreover, important to obtain analyti
solutions for energy balan
e equations (3), (4), (5), (6),and (7) in the general 
ase.For the total energy of a system, we obtainE� = exp0�� tZt0 _M�M dt01A�� 24E�; 0 + tZt0 exp0� t00Zt0 _M�M dt01A _Eio dt0035 ; (24)where E�; 0 is the initial total energy at the moment oftime t0.For the energy of ordered magneti
 �elds, we obtaintwo solutions. In the 
aseEo = 12E� ^ _E� < 0;the ordered energy is obviously de�ned asEo = 12E�

and in all other 
ases, asEo = exp24� tZt0  1� + _M�M ! dt035��8<:Eo; 0+ tZt0 exp24 t00Zt0  1� + _M�M ! dt035 E�2� dt009=; ; (25)where Eo; 0 is the initial energy of the ordered magneti
�eld at the moment of time t0. Appropriate values fort0 and Eo; 0 should be obtained for ea
h interval wherethis solution is appli
able.In the 
ase where disruption of ordered magneti
�elds (5) is taken into a

ount, instead of (25), we ob-tainEo = exp0�� tZt0 f dt01A�� 24Eo; 0 + tZt0 exp0� t00Zt0 f dt01A E�2� dt0035 ; (26)where f = 1� + _M� + kdg _Mmg + kds _MmsM :2. DETAILS OF CURRENTIMPLEMENTATION2.1. Magneti
 �eld model and galaxyformation frameworksThis model is designed to be 
ompatible with mostsemi-analyti
 galaxy formation models and to evolvegala
ti
 magneti
 �elds a

ording to their outputs.A symbiosis of this model with an arbitrary se-mi-analyti
 model may be implemented with or withoutfeedba
k, as one exe
utable or as independent softwarepa
kages. Additionally, if the feedba
k is implementedand models are developed as separate pa
kages, it ispossible to implement symbiosis in an iterative fash-ion, when outputs of this model are redire
ted into thegalaxy formation framework until the 
onvergen
e goalis rea
hed.Currently, the model for evolution of gala
ti
 mag-neti
 �elds is implemented as an independent softwarewithout feedba
k. Other implementation options are
onsidered as possible future goals.705
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esThis software is represented by several modules:one for the modeling purposes and several others fordata analysis, plotting, et
. It is implemented inC++11 and relies on the Standard Template Library(STL) only.The 
urrent implementation of the modeling mod-ule is based on assumptions (13), (14), (17) and (19)and in
ludes all the features ex
ept� disrupted ordered magneti
 �elds (5), i. e., kdg == kds = 0;� 
ontributions from stars during mergers (16), i. e.,kms = 0.Results of the modeling, in addition to being pro-
essed by other modules of this software, are also pla
edinto a text database and then pro
essed by means ofSQLite1).3. RESULTS AND CONCLUSION3.1. Model parameters and major obtainedresultsTo produ
e input data for this model, we used out-puts of revision 958 of version 0:9:1 of the Gala
ti
us �a semi-analyti
 model of galaxy formation and evo-lution developed by A. Benson [2℄. This model havebeen �tted to strengths of the volume-averaged mag-neti
 �elds for a sample of approximately one hundredof late-type galaxies from [3℄ and stellar masses M?from [4℄ for the same sample (Fig. 1). The 
orrelation
oe�
ient for the derived energy densities and stellarmasses in this sample is �0:119321, i. e., a

ording tothis data, there are no dependen
es of the density ofenergy of gala
ti
 magneti
 �elds on the stellar massesof galaxies.The values of parameters 
orresponding to the 
ho-sen observational sample are ka = kmg = 3:87 � 10�7,ksn = 4:99 � 10�4, and k� = 10:53. These values showthat� the fra
tion of supernovae energy is three ordersof magnitude larger then the fra
tion of gravitationalenergy, and hen
e a

retion and mergers have a smallerimpa
t on formation and evolution of gala
ti
 magneti
�elds per unit of produ
ed energy;� the e�
ien
y 
oe�
ients are mu
h smaller thantheir analogs, for example, in [1℄, showing that expli
it1) SQLite is a free implementation of SQL data base engine(http://www.sqlite.org).

in
lusion of mergers leads to a signi�
ant in
rease inthe total energy inputs and outputs;� a 
hara
teristi
 times
ale is an order of magnitudelarger than the 
orresponding period of rotation, whi
hleads to signi�
antly lower rates of formation and evo-lution of ordered magneti
 �elds and, thus, results ina qualitatively di�erent long term behavior in 
ontrastwith predi
tions of earlier models.The results obtained with these parameters 
an bedivided into several groups in domains of 
osmi
 timeand stellar mass vs energy of ordered magneti
 �elds.In the 
osmi
 time domain, gala
ti
 magneti
 �eldsevolve through three distin
tive epo
hs:� the early epo
h (formation of the �rst galaxies,2:5 Gyr);� the intermediate epo
h (2:5�6:75 Gyr);� the late epo
h (6:75 Gyr � present days).In the domain stellar mass vs energy of orderedmagneti
 �elds, galaxies form two major qualitativelydi�erent groups with two minor subgroups (Fig. 2).Group I is represented by rapidly evolving galaxiesthat have mu
h more energy in their magneti
 �eldsdue to various intensive pro
esses than they 
an main-tain in a long run, and hen
e at a later stage of theirevolution, they evolve into the se
ond group. Thesemagneti
 �elds form at the earliest epo
hs and exist upto the present day. However, their diagram of lo
ationin the stellar mass vs energy of ordered magneti
 �eldsmoves in the dire
tion of high stellar masses over time.Group II is galaxies with a sustainable value of en-ergy of ordered magneti
 �elds. Their magneti
 �eldsevolve with their stellar masses along a 
urve with a
onstant ratio (lg Eo � 
onst)= lgM?, showing an ex-pli
it power law dependen
e on the latter. This groupforms at the beginning of the intermediate epo
h, andduring the next epo
h it is divided into two subgroups,whi
h exhibit two qualitatively di�erent sustainable re-lations between energies of ordered and random mag-neti
 �elds. Group IIA has most of its magneti
 �eldsenergy in ordered magneti
 �elds, and group IIB 
on-serves most of its magneti
 �elds energy in the 
haoti
�elds. 3.2. Con
lusionIn this work, we dis
overed:� three epo
hs of evolution of gala
ti
 magneti
�elds;706
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D. Yar-Mukhamedov ÆÝÒÔ, òîì 147, âûï. 4, 2015� two major groups of evolving galaxies;� a power-law dependen
e between the total stel-lar masses and energies of ordered magneti
 �elds ofgalaxies;Major innovations of this model are as follows:� all mass losses, in
luding mass losses due to mer-gers, starformation, et
., are taken into a

ount andthey a�e
t both the total energy and the magneti
 �eldsenergy;� the times
ale of formation of ordered magneti
�elds is parameterized, whi
h gives additional 
ontrolover the way gala
ti
 magneti
 �elds in the modelevolve in time;� new energy inputs and outputs have been intro-du
ed, while old energy inputs and outputs are treatedin a mu
h more elaborated manner;� the new model may a

ount for shapes of gravi-tational potential wells when energy inputs are being
al
ulated;

� simpli�ed versions of this new model, whi
h are
omputationally less demanding and require less in-puts, are also introdu
ed and justi�ed.We thank P. Alexander for the kind supervision,D. Titterington and G. Willatt for te
hni
al support,and the University of Central Asia for s
holarship.REFERENCES1. S. S. Shabala, J. M. G. Mead, and P. Alexander,Monthly Notes Roy. Astron. So
. 405, 1960 (2010).2. A. J. Benson, New Astronomy 17, 175 (2012).3. A. J. Fitt and P. Alexander, Monthly Notes Roy. Ast-ron. So
. 261, 445 (1993).4. K. N. Abazajian, J. K. Adelman-M
Carthy,M. A. Agüeros et al., Astrophys. J. Suppl. Ser.182, 543 (2009).
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