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ABSTRACT

Galactic outflows driven by stellar feedback are crucial for explaining the inefficiency
of galaxy formation. Although strong feedback can promote the formation of galactic
discs by limiting star formation at early times and removing low angular momentum
gas, it 18 not understood how the same feedback can result in diverse objects such as
elliptical galaxies or razor thin spiral galaxies. In this work, we investigate this problem
using cosmological zoom-in simulations of two galaxies forming within 10'> Mg halos
with almost identical mass accretion histories. At z > 1.5, the two galaxies feature
a surface density of star formation Tger ~ 10 Mg yr—! kpc_z, leading to strong out-
flows. After the last starburst episode, both galaxies feature a dramatic gaseous disc
growth from 1 kpe to 5 kpe during 1 Gyr, a decisive epoch we dub “the Grand Twirl”.
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dark matter particle mass of mgy, = 2.0 x 10°Mg and an
initial baryonic mass resolution of mp,, = 2.9 x 104Mg.

We subsequently carried out our final simulations in-
cluding gas and galaxy formation physics, as summarized
below. The maximum resolution was set to fpax = 19 at
z = 0, with refinement levels progressively released to enforce
a quasi-constant physical resolution, where the smallest cells
have sizes Axpip = 55pc. The adopted refinement criterion is
the traditional quasi-Lagrangian approach, namely cells are
individually refined when more than 8 dark matter particles
are present or when the total baryonic mass (gas and stars)
exceeds 8 X myp,,. Only the Lagrangian volume corresponding
to twice the final virial radius of the halo was adaptively
refined, the rest of the box being kept at a fixed, coarser
resolution to provide the proper tidal field.

‘We intentionally picked halos without any major merg-
ers at z < 1 and with overall similar mass accretion histo-
ries. The halos feature a strong merger-induced starburst at
z = 14 and z = 2.0 respectively, followed by quiescent ac-
cretions history until z = 0. The final dark matter halo spin
parameters, as defined in Bullock et al. (2001), are very sim-
ilar for both halos, namely A4 = 0.015 and A = 0.014. This fact

For our star formation recipe, we adopt a traditional
Schmidt law, for which the star formation rate density is
given by

g
pu = et (1)
fﬁ‘

where p is the density of the gas, tg = /37 /(32Gp) is its free-
fall time and e is the star formation efficiency per free-fall

in a turbulent medium, like the interstellar medium (ISM),
the gas density distribution is well described by a log-normal
probability distribution function (PDF):

1 (s —5)°
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where 5 = inp/ py. o 1s the variance of s, p 1s the gas density
and pp the mean density.
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We compute serir using the model of Krumholz & McKee
(2005) for which scre is estimated by requiring the virial
parameter of the gas to be less than 1. We slightly modify the
original model to account for subsonic and transonic cases
such that for M < 1 we require that the entire computational
cell becomes gravitational unstable. With this, we can use
the modified model for both regime M <1 and M = 1. The
obtained critical density for star formation is

amd
Serit = In |f’.l’ﬁr (] + m)‘ 3 (-—l)
where
502
Vyiy = ————— 9
E 3Gpﬂ.x2 (5)

is the local virial number which can be interpreted as an es-
timator for the local stability, Ax is the cell size and ¢ is the
turbulent 1D velocity dispersion which is computed by the
subgrid scale (SGS) turbulent energy model (see Schmidt
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Figure 1. Projected maps of the two galaxies at z = 0. Left two columns are the disc-dominated galaxy face-on and edge-on. Right two
columns are the bulge-dominated galaxy face-on and edge-on. The top row shows the gas surface density and the bottom row shows true
colour images with dust absorption allowing us to render both stars and gas.
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Figure 3. Evolution of the specific angular momentum of the
stars for the two galaxies as a function of their stellar mass. Blue
is the galaxy that will end up as a disc-dominated galaxy at z =0
and red is the bulge-dominated. The small circle in the same color
of the line is the moment of the last starburst. The big circle is the
point at z = 0. Data points are taken from Fall & Romanowsky
(2013), where circles are ellipticals and others are spirals.
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ure 4, Evolution of the mass-weighted cold gas angular momentum (AM) in the virial radivs of the dise-dominated galaxy (a) and
bulge-dominated galaxy (b). Plots are done at z ~ 2.5, 2.0, 1.5, 1.0, 0.5. Top rows: Mass-weighted map of cold gas angular momentum
de the virial radine. Colours indicate the sign of the angolar momentum where red corresponds to counter-rotating gas and blue
w-rotating. For the disc-dominated galaxy, most of the cold gas is joining the disc construct An extended dise of cold gas is
ned, In contrast, for the bulge-dominated galaxy, most of the cold gas is counter-rotating with uwt[u ct to the dise. This e
wtic dise to shrink. Bottom rows: Mass-weighted distribution of specific angular momentum of infalling cold gas measured between
< r{Ryir < 1.0 normalised by the specific I AN of o given snapshot. jr is measured with respect to the dise AN inside 0.1 Ry, For
dise-dominated galaxy, most infalling cold gas has positive j. /f resulting in constrictive AN, For the bulge-dominated galaxy, the
ribution shows positive and negative contributions where sometimes the destructive part is dominating. Infalling cold gas therefore
& destructive AM to the disc.
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Figure 5. Evolution of the distribution of circularity €. Shown is
the stellar mass per bin. The first snapshot in red coincides with
the last star-burst: The disc-dominated galaxy (left) has simi-
lar mass in the bulge and disc-components. The bulge-dominated
has a more dominant dise component. Time evolution is shown
as transitions to bluer colors in steps of = 1.5 Gyrs until the
final snapshot at z = 0 in dark blue. Here the disc-dominated
has a dominant disc-component and a small bulge. The bulge-
dominated has a large bulge-component and counter-rotating

stars.
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We show that a combined analysis of CMB anisotropy power spectra obtained by the Planck
satellite and luminosity distance data simultaneously excludes a flat universe and a cosmological
constant at 99% C.L.. These results hold separately when combining Planck with three different
datasets: the two determinations of the Hubble constant from Riess et al. 2019 and Freedman et
al. 2020, and the Pantheon catalog of high redshift supernovae type-la. We conclude that either
LCDM needs to be replaced by a drastically different model, or else there are significant but still
undetected systematics. Our result calls for new observations and stimulates the investigation of
alternative theoretical models and solutions.
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Figure 1. Cosmic Discordance. Constraints at the 68% and
95% C.L. on the Qi vs Hy plane for the Planck, Planck+R19,
Planck+F20, Planck+BAO, and Planck+Pantheon datasets.
A 10 parameters model, LCDM+w+ +og+Ym,., is as-

sumed in the analysis.
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Figure 2. Cosmic Discordance. Constraints at the 68%
and 95% C.L. on the w vs Hy plane for the Planck+R19,
Planck+F20, Planck+BAO, and Planck+Pantheon datasets.
A 10 parameter model, LCDM +w+Qg+ovg +Ym,,, is assumed

in the analysis.
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PesynbTaThl Anga 12 napameTpoB
No 5 KOMOMHaUNAM OaHHbIX

Parameters Planck Planck Planck Planck Planck
‘R19 1120 -BAO - Pantheon
Quh° 0.02253 + 0.00019 0.022537 000 0.0225575 0502 0.02243 + 0.00016 0.02255 + 0.00018
Qch? 0.1183+0.0016  0.118779%%15  (.1184 +0.0015 0.1198 £ 0.0014  0.1186 + 0.0015
1000mc  1.04099 + 0.00035 1.041031T00003%  1.04105 + 0.00034 1.04095 + 0.00032 1.04107 + 0.00034
T 0.0473 + 0.0083 0.0521 200 0.0491 4 0.0079  0.0563 = 0.0081  0.0506 + 0.0082
Ym,, [eV] Jdg T8 < 0.513 0.8 1022 < 0.194 < 0.420
w —] gra 5 111085 —2.14 + 0.46 —1.03810:038 ~1, 971003
o —0.07413-058 —0.01927 0005 —0.026375 6537 0.000855- 0022 —=0.020 00
In(10'° A;) 3.025 + 0.018 8.037 000 3.030 + 0.017 3.049 + 0.017 3.034 + 0.017
N 0.9689 + 0.0054  0.9686700025  0.9693 +0.0051  0.9648 + 0.0048  0.9685 + 0.0051
as —0.0005 £ 0.0067 —0.0012 + 0.0066 —0.0010 + 0.0068 —0.0054 + 0.0068 —0.0023 + 0.0065
Hgylkm /s /Mpc] 5375 73.8+ 1.4 69.3 + 2.0 68.6713 60.5 + 2.5
o8 Qg 04 0.932 + 0.040 0.900 + 0.039 0.821 + 0.027 RSP
Ss 0.98910985 0.874 + 0.032 0.8007 092 0.826 =+ 0.016 0.927 + 0.037
Age|Gyr] 16.10 22 14.901573 152 00 13.77 £ 0.10 14.98 +0.39
s 0615254 0.264 +0-010 0.3007 0027 0.305 =+ 0.016 0:383 100t
ARyt s 0.0 0.62 0.88 14.77 1037.82

Table 1. Constraints at 68% CL errors on the cosmological parameters in case of the 12 parameters model using different

combinations of the datasets. The quoted upper limits are at 95% CL. In the bottom line we quote the difference in the best-fit
x* values with respect to the Planck data alone result.



