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Figure 4. (a) Comparison of the mass growth in the central regions to the growth at larger radii. The galaxies grow at all radii until z ∼ 1, after which the mass inside
r = 2 kpc remains roughly constant. (b) Implied evolution of the SFR. Data points are the mean measured SFRs of the galaxies in each redshift bin, from the 3D-HST
v2.1 catalogs (R. Skelton et al., in preparation). There is an excellent match between the black curve and the points, indicating that mergers are not required to explain
the mass evolution of large spiral galaxies.
(A color version of this figure is available in the online journal.)

In Figure 4(b) we express the growth in mass as an (implied)
SFR. The SFR was calculated directly from Equation (1), with
a ×1.35 upward correction to account for mass loss in winds.13

The implied star formation rate is approximately constant at
10–15 M⊙ yr−1 from z ∼ 2.5 to z ∼ 1 and then decreases
rapidly to !2 M⊙ yr−1 at z = 0. The form of this star formation
history is well approximated by

log(1 + SFR) = 0.26 + 0.92z − 0.23z2. (2)

We can compare Equation (2) with the actual SFRs of the
galaxies: the points with error bars in Figure 4(b) show the mean
SFRs of the galaxies that went into the analysis, as obtained
from SED fits (see Kriek et al. 2009 and R. Skelton et al., in
preparation). With χ2 = 7.3 and 5 degrees of freedom the points
are consistent with the solid line. This consistency is reassuring,
and also implies that the assembly history can be fully explained
by star formation, with mergers likely playing a minor role. This
can, again, be contrasted with more massive galaxies, as star
formation is not sufficient to explain their growth after z ∼ 1.5
(van Dokkum et al. 2010).

3.4. Structural Evolution

Finally, we quantify the implications of our results for the
structural evolution of galaxies with the present-day mass of the
Milky Way. As the mass growth is mostly independent of radius,
we expect the structure of the galaxies to remain more or less the
same over cosmic time. The evolution of the GALFIT-derived
structural parameters of the stacks (see Section 3.2) is shown
in Figure 5.

The effective radii and Sérsic indices have indeed changed
relatively little since z ∼ 2.5, particularly when it is considered
that the galaxies increased in mass by a factor of ∼10 over
this time. The radius increased by a factor ∼1.8 and the Sérsic
index changed from n ∼ 1.5 to n ∼ 2.5. The red curves show
the change in these same parameters for high-mass galaxies,

13 This factor is the mass loss after 2 Gyr for a Kroupa (2001) IMF.

calculated in the same way (Patel et al. 2013). Even though the
progenitors of today’s massive galaxies increased their mass by
only a factor of ∼3 over this redshift range they show much
more dramatic structural evolution.

This point is emphasized in Figures 5(c) and (d) which
compares the structural evolution to the mass evolution for
both classes of galaxies. The sizes of massive galaxies grow
as re ∝ M2.0±0.1 (van Dokkum et al. 2010; Hilz et al. 2013;
Patel et al. 2013), whereas those of galaxies with the mass of
the Milky Way grow as re ∝ M0.27±0.04. This slope is similar to
that of the size–mass relation of late-type galaxies (e.g., Shen
et al. 2003). We note that an increase in Sérsic index does not
imply growth of a classical bulge for either class of galaxy (see
also Nelson et al. 2013).

4. DISCUSSION

In this Letter we have demonstrated that it is possible to obtain
a description of the formation of galaxies with the mass of the
Milky Way all the way from z ∼ 2.5 to the present. We find
that these galaxies built up ∼90% of their stellar mass since
z ∼ 2.5. The buildup can be fully explained by the measured
SFRs of the galaxies, and does not require significant merging.
A key result of our Letter is that the mass growth took place in a
fairly uniform way, with the galaxies increasing their mass at all
radii. Our results are therefore inconsistent with simple models
in which the central parts of spiral galaxies are fully assembled
at early times: we do not find “naked bulges” at high redshift.
Instead, they are consistent with models in which bulges (and
presumably black holes) were largely built up at the same time
as disks, through short-lived peaks in the accretion rate, bar
instabilities, migration, or other processes (e.g., Kormendy &
Kennicutt 2004; Dekel et al. 2009). The implied SFR declines
precipitously after z ∼ 1, particularly in the central ≈2 kpc of
the galaxies. By z = 0 we are left with quiescent bulges and
slowly star-forming disks.

Many other studies have reached similar conclusions using
independent arguments; here we limit the discussion to a handful
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