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THE EVOLUTION OF DISK GALAXIESVladimir Avila{Reese1 and Claudio Firmani1,2RESUMENEstudiamos la evolu
i�on de galaxias de dis
o utilizando modelos evolutivos 
on
ondi
iones ini
iales y de frontera aso
iadas al es
enario de forma
i�on jer�arqui
o.Nos 
on
entramos en prede
ir la historia de forma
i�on estelar, la evolu
i�on detama~no y brillo super�
ial y la evolu
i�on de las rela
iones de Tully-Fisher. Pre-sentamos 
ompara
iones 
on las observa
iones disponibles.ABSTRACTWe study the evolution of disk galaxies using galaxy evolutionary modelswith initial and boundary 
onditions linked to the hierar
hi
al formation s
enario.We fo
us our attention on predi
tions of the star formation history, size and sur-fa
e brightness evolution and the evolution of the H� and B�band Tully-Fisherrelations. Comparisons with available observational data are presented.Key Words: GALAXIES: DISK | GALAXIES: EVOLUTION1. INTRODUCTIONIn the last de
ade, our understanding of galaxy formation and evolution grew dramati
ally thanks to the
oming out of a theoreti
al framework for stru
ture formation within the 
osmologi
al 
ontext (the in
ation{inspired 
old dark matter s
enario, CDM), and to the great observational progress, in parti
ular the imageryand spe
tros
opy of high redshift galaxies. Nevertheless, the fundamental questions of galaxy formation andevolution still await answers. The symbiosis of theory and observations is 
ru
ial in this �eld in order to 
onne
twhat we \see" at di�erent redshifts with the evolution of a given population of galaxies.Most of the galaxies observed in the lo
al universe are disk galaxies. An important question is how thestru
tural, dynami
al and luminosity properties of this population of galaxies evolved and how mu
h they
ontributed in the past to global quantities su
h as the star formation (SF) rate and luminosity per unit ofvolume. Were the galaxy disks smaller and their surfa
e brightness (SB) higher than at present? Whi
h is theSF history of disk galaxies? Were these galaxies brighter and bluer in the past? Did the luminosity{velo
ity(Tully-Fisher) relation 
hange in the past? A powerful theoreti
al tool for studying these questions related tothe evolution of lo
al and global properties of disk galaxies is the 
ombination of indu
tive (ba
kward) galaxyevolutionary models with initial and boundary 
onditions 
al
ulated from the hierar
hi
al formation s
enario(Avila{Reese, Firmani, & Hern�andez 1998; Avila{Reese & Firmani 2000; Firmani & Avila{Reese 2000). Inthis paper, we present some of the evolution predi
tions of these (seminumeri
al) models and we dis
uss themin light of the available observational data.2. DISK GALAXY EVOLUTIONARY MODELS IN THE HIERARCHICAL SCENARIODisk galaxies are dynami
ally fragile obje
ts. This is why, at a �rst approximation, we obviate the diskmajor mergers in their evolution and 
onsider that disks grow inside{out gently with a gas a

retion rateproportional to the hierar
hi
al mass aggregation rate. A major advantage of our seminumeri
al models is thatwe follow lo
ally the overall evolution of individual disks in 
entrifugal equilibrium, in
luding star formation(SF) and feedba
k in the disk ISM, and luminosity evolution. At ea
h epo
h, the growing disk is 
hara
terized1Instituto de Astronom��a, Universidad Na
ional Aut�onoma de M�exi
o, M�exi
o.2Osservatorio Astronomi
o di Brera, Italy. 97
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98 AVILA{REESE AND FIRMANIby a lo
al infall rate of fresh gas, a gas and stellar surfa
e density pro�le, a lo
al SF rate, a 
olor pro�le, anda rotation 
urve (in
luding the dark matter 
omponent). The disks form with the baryon mass fra
tion withinthe growing dark halos. The angular momentum of ea
h 
ollapsing mass shell is 
al
ulated using the spinparameter � obtained in numeri
al and analyti
al work. The lo
al SF is indu
ed by a gravitational instability(Toomre) 
riterion and it is self{regulated by an energy balan
e in the ISM along the verti
al disk dire
tion.The eÆ
ien
y of SF in this model is almost independent of the mass (luminosity).The main physi
al fa
tors whi
h in
uen
e most of the lo
al and global properties of our model galaxiesand their 
orrelations are the mass, mass aggregation history (MAH), and spin parameter �. Thesefa
tors and their statisti
al distribution are related to the 
osmologi
al initial 
onditions. For a qui
k review ofthe main disk galaxy properties and 
orrelations predi
ted at z = 0 for a typi
al CDM model, see Avila{Reeseet al. 2000; the results in detail are presented in the papers mentioned above.3. EVOLUTIONARY PREDICTIONS3.1. Star Formation Rate and Luminosity EvolutionThe SF rate in our hierar
hi
al models is driven by both the gas a

retion rate determined by theMAH and the disk surfa
e density determined by �. In Figure 1(a) and 1(b) we show the averagehierar
hi
al mass aggregation rate of halos of di�erent masses and the 
orresponding SF rate histories for� = 0:05, respe
tively; less massive galaxies assemble faster than the massive ones. The 
orrelation betweenMAH and SF history is evident. In Figure 1(b) we also show the SF histories for 5 1011M� models withtwo extreme MAHs |early a
tive and extended MAHs (upper and lower dashed lines)| and � = 0:05. Thein
uen
e of � on the SF history is 
learly seen in Figure 1(
) where we plotted 5 1011M� models with � = 0:03(upper short{dashed line) and � = 0:1 (lower short{dashed line) and the average MAH in both 
ases. Theupper and lower dot{dashed lines 
orrespond to extreme models with an early a
tive MAH and � = 0:03 andwith an extended MAH and � = 0:1, respe
tively.A strong predi
tion of our disk galaxy models, due mainly to the hierar
hi
al MAHs, is the shape of theSF rate history with a gentle maximum at z � 1:5 � 2:5 for most of the 
ases, and a relatively qui
k falltowards the present by fa
tors � 2 � 4 on the average. From an observational study for large disk galaxies(rB � 4h�150 ), Lilly et al. (1998) have found the SF rate to de
rease likely by a fa
tor 2:5� 3:5 between z � 0:7and z � 0 (h=0.5). For our 
orresponding models, sin
e z � 0:7 the SF rate de
reased by a fa
tor � 2 onaverage. However, for models with small �, i.e., very high SB galaxies, this fa
tor is � 3. It is possible thatgalaxy samples at di�erent redshifts su�er from a signi�
ant SB sele
tion e�e
t sin
e disk galaxies, as our andother model results show, 
hange the SB distribution with z (Bouwens & Silk 2000). Therefore, the fa
tor Lillyet al. (1998) �nd 
ould be biased towards HSB galaxies in agreement with our galaxy models.Deep �eld studies show that the global (
osmi
) SF history per unit volume from z � 0 to 0.7 in
reasedby a fa
tor � 6 and by more than a fa
tor of 10 up to the maximum whi
h is attained at z � 1:5� 2:0 (e.g.,Madau, Pozzetti, & Di
kinson 1998 and referen
es therein). If our models a
tually des
ribe the evolution ofnormal disk galaxies whi
h dominate the global SF rate today, then the in
rement of a fa
tor � 10 dete
ted at� 1:5� 2 
ould not have been produ
ed only by disk galaxies. Other galaxy populations had to 
ontribute tothe global SF rate in the past (e.g., Babul & Ferguson 1996).Sin
e the B�band luminosity LB is a tra
er of young and intermediate stellar populations, its evolutionshould be similar to the SF history. We �nd indeed that LB in
reases towards the past and more qui
kly forthe less massive galaxies. At z = 1, LB is � 1:5 times larger than at z = 0 for a L? galaxy. The integral 
olorsof the galaxy models be
ome bluer towards the past; on average from z = 0 to z = 1, (B � V ) de
reases by0:25� 0:3 mag. Less massive galaxies undergo more 
olor evolution; this is be
ause they attain the peak in SFrate before than massive galaxies.3.2. Size and Surfa
e Brightness EvolutionDisk size and SB evolution are natural in the hierar
hi
al formation s
enario. In the right panel of Figure 1we show the evolution of the B�band s
ale radius rB for average models of 3 di�erent masses, using the 
at�CDM (
� =h=0.7) 
osmology. The size evolution is slightly more pronoun
ed for more massive galaxies. In
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Fig. 1. Left: The average mass aggregation rate histories for 3 masses (a), and the 
orresponding SFHs where� = 0:05 was used (b). The dashed lines are the SFHs of models with an a
tive early (upper) and extended(lower) MAH. In panel (
), the dotted lines are for models with � = 0:1 (upper) and 0.03 (lower); see text formore details. Right: Evolution of the B�band s
ale radius for 3 masses with the average MAH and � = 0:05.The dashed line 
orresponds to an observational estimate for large disk galaxies by Lilly et al. 1998.this �gure we also plot a rough observational estimate by Lilly et al. (1998). A

ording to theses authors, forlarge disk galaxies rB has grown not more than � 25% sin
e z � 1.Size evolution implies SB evolution. Lilly et al. (1998; dashed line), after 
orre
ting for some sele
tione�e
ts, found that the average SB of their large disk galaxies sample has grown � 0:5 mag at z � 0:7 withrespe
t to z � 0. Similar results were obtained by e.g., Forbes et al. (1996), Vogt et al. (1997), Ro
he etal. (1998). The last authors 
on
lude that the deep �eld observations of disk galaxies 
an be better explainedby luminosity and size evolution models. For our hierar
hi
al models, we �nd slightly more pronoun
ed SBevolution than the observations. In more re
ent observational work, Simard et al. (1999) have found thatgalaxies from z = 0:1 to z = 0:9 seem to in
rease their average SB by � 1:3 mag. However, these authors
on
luded that if the sele
tion e�e
t due to 
omparing low luminosity galaxies in nearby redshift bins to highluminosity galaxies in distant bins is allowed for, then no dis
ernible evolution remains in the SB of bright diskgalaxies. Using the same data of Simard et al., Bouwens & Silk (2000) have derived an in
rease in the SB of� 1:5 mag. This di�eren
e is be
ause the last authors have introdu
ed 
orre
tions for SB sele
tion bias thatthey �nd to be important due to the strong evolution in the SB distribution of disk galaxies. Certainly, thedisk size and SB evolution are important tests for the hierar
hi
al formation s
enario.3.3. Dynami
s: Evolution of the H� and B�Band Tully-Fisher RelationsThe linking of the resolved photometri
 and spe
tros
opi
 data to dynami
al data is 
ru
ial for the under-standing of the evolution and physi
s of a given population of galaxies. In our hierar
hi
al models, the massof the galaxy grows faster than the maximum rotation velo
ity Vm; this is be
ause the dense inner parts of thedark halo are not signi�
antly a�e
ted by the \se
ondary" mass infall. The dark halos, and, therefore, the disks,obey a tight relation between mass and maximum 
ir
ular velo
ity (see e.g., Avila{Reese et al. 1998; 1999).For our �CDM 
osmology, we �nd that the disk stellar mass{maximum rotation velo
ity relation, Md = AV nm,at z = 0 has a slope n � 3:4. This relation is proportional to the H�band Tully-Fisher relation (TFR). Theslope n remains almost 
onstant with z. The 
oeÆ
ient A de
reases with z, i.e., as we said above, while the
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100 AVILA{REESE AND FIRMANImass signi�
antly de
reases towards the past, Vm de
reases only a little. We �nd that at z = 1, A is � 1:6times smaller than at z = 0 or, equivalently, that the zero{point of the H�band TFR is � 0:5 mag higher.In the B�band, the TFR evolves in an opposite way: although the disk mass (LH luminosity) de
reaseswith z, LB in
reases as we have seen in x3:1. This is be
ause SF is more a
tive in the past. The slope ofthe B�band TFR slightly de
reases with z (less massive galaxies evolve more qui
kly than massive ones; inparti
ular, LB in
reases more with z for the former than for the latter). Assuming the slope 
onstant with z,for our �CDM model, we obtain that the zero{point of the B�band TFR at z = 1 is � 0:7 mag lower than atz = 0 (taking into a

ount HSB and LSB galaxies), i.e. A is � 2 times larger.From the observational point of view, several e�orts were made in order to a
quire internal kinemati
 (Vogtet al. 1997 and referen
es therein) and galaxy{galaxy lensing (Hudson et al. 1998) data for disk galaxies athigh redshifts. From these works it is still diÆ
ult to draw 
on
lusions regarding the evolution of the B�bandTFR. Sin
e the interpretation of the results is sensitive to the 
osmologi
al model assumed, in order to evaluatethe data from several of these works, we used the 
riti
al model (q = 0:5) with h=0.5. The results of Vogtet al. (1997) show that the zero-point of the B�band TFR, from z = 0 to the average redshift of the samplehzi = 0:54, has 
hanged by �MB � 0:33 mag; for the Hudson et al. (1998), Simard & Prit
het (1998) and Rixet al. (1997) samples, hzi = 0:6; 0.35, and 0.25, and �MB � 1:0;�1:5 and �1:5 mag, respe
tively. As one sees,these works seem to be at odds with one another. The samples used in the last two papers are dominated bysmall, a
tively star{forming galaxies, while in the two �rst papers, normal spiral galaxies dominate. Thus, wemay 
ompare our model results with those of Vogt et al. and Hudson et al. For the SCDM 
osmology (with�8 = 0:67 and h=0.5), �MB � �0:4 mag at z = 0:6 (in fa
t, the theoreti
al evolution of the TFR is similarfor both the SCDM and �CDM models). This strongly disagrees with observations in a q =h=0.5 
osmology.For low density or 
at with 
osmologi
al 
onstant models with h> 0:5, the observational data are in betteragreement with the models. In parti
ular, in the 
at �CDM 
osmology (
� =h=0.7), the data of Vogt et al.give only a slightly larger value for �MB than our models (i.e., the observed zero-point at hzi = 0:54 is slightlyless bright than our hierar
hi
al models predi
t).In 
on
lusion, we �nd that the hierar
hi
al formation s
enario (for �CDM-like models) o�ersrobust initial and boundary 
onditions for disk galaxy evolution. However, the evolution of disksizes and the zero{point of the B�band TFR seems to be too exaggerated with respe
t to some observationaldata. We stress that analyti
al approa
hes should take into a

ount that the zero{point of the \stru
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