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ABSTRACT

We use chemistry ([a/Fe] and [Fe/H]), main sequence turnoff ages, and kinematics determined from H3 Survey
spectroscopy and Gaia astrometry to identify the birth of the Galactic disk. We separate in-situ and accreted
stars on the basis of angular momenta and eccentricities. The sequence of high—a in-situ stars persists down
to at least [Fe/H] =~ —2.5 and shows unexpected non-monotonic behavior: with increasing metallicity the pop-
ulation first declines in [a/Fe], then increases over the range —1.3 < [Fe/H] < —0.7, and then declines again
at higher metallicities. The number of stars in the in-situ population rapidly increases above [Fe/H] ~ —1.
The average kinematics of these stars are hot and independent of metallicity at [Fe/H] < —1 and then become
increasingly cold and disk-like at higher metallicities. The ages of the in-situ, high—a stars are uniformly very
old (= 13 Gyr) at [Fe/H] = —1.3, and span a wider range (8 — 12 Gyr) at higher metallicities. Interpreting
the chemistry with a simple chemical evolution model suggests that the non-monotonic behavior is due to a
significant increase in star formation efficiency, which began = 13 Gyr ago. These results support a picture in
which the first = 1 Gyr of the Galaxy was characterized by a “simmering phase” in which the star formation
efficiency was low and the kinematics had substantial disorder with some net rotation. The disk then underwent
a dramatic transformation to a “boiling phase”, in which the star formation efficiency increased substantially,
the kinematics became disk-like, and the number of stars formed increased tenfold. We interpret this transfor-
mation as the birth of the Galactic disk at z = 4. The physical origin of this transformation is unclear and does
not seem to be reproduced in current galaxy formation models.
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2. DATA

In this paper we use data from the H3 Stellar Spectroscopic
Survey (Conroy et al. 2019) and Gaia EDR3 (Gaia Collabo-
ration et al. 2021). H3 is collecting R = 32,000 spectra over

the wavelength range 5150A—5300A using the Hectochelle
spectrograph on the MMT telescope (Fabricant et al. 2005;
Szentgyorgyi et al. 2011). The survey will eventually collect
300,000 spectra over = 1500 uniformly spaced fields cover-
ing |b| > 20° and Dec. > —20°. As of March 2022 the sur-
vey has collected 208,000 spectra over 1,100 fields. The pri-
mary survey selection function is based solely on magnitude
(15 < r < 18) and Gaia parallax (a selection that has evolved
from m < 0.5 mas to m < 0.3 mas as the Gaia data quality
has improved). The survey includes additional rare high-value
targets and filler targets that are both fainter and at higher par-
allax than the main sample. The high parallax filler sample
constitutes =~ 60% of the sample used below.

Stellar parameters are derived using the MINESweeper pro-
gram (Cargile et al. 2020). MINESweeper simultaneously fits
the high-resolution spectrum and the broadband photometry
(from SDSS, Pan-STARRS, Gaia, 2MASS, WISE) to a library
of synthetic spectral grids and isochrones. Derived parame-
ters include radial velocities, distances, reddening, rotational
line broadening, Vi, [Fe/H], and [a/Fe]. In the model fit-

In this paper we focus on a high-quality subset of the H3
data. In particular, we require spectroscopic SNR > 20, log
8>3.5,Viq <2kms™', GaiaRUWE < 1.5, and X2, /DOF <
2.5. There are a variety of data quality flags; we require that
no flags have been set. The SNR, flag, and log g cuts re-
duce the sample to 9,476 stars. The RUWE cut reduces the
sample to 9,163 stars, and the last two cuts result in a final
sample of 8,544 stars. For this sample, the median SNR of
the Gaia EDR3 parallax and proper motion is 17 and > 100,
respectively. The median formal uncertainties on [Fe/H] and
[a/Fe] are 0.02, although they increase toward lower metal-
licities such that the median uncertainties are 0.05 at [Fe/H]

Owing to the parallax selection of the overall survey com-

|2]>0.1 Kpe,
nax 1.3 kpc
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Figure 1. Chemistry of in-situ and accreted stars from the H3 Survey. In-situ stars are defined to have prograde orbits (Lr < 0) with eccentricities ¢ < (1.8,
while accreted stars are defined to have ¢ > 0.9 or a combination of ¢ > 0.8 and Lz > 500 km s~ kpc™! (retrograde orbits). In the left panel, one clearly sees
the high—o and low—a sequences at [Fe/H] = —0.7. Moving to lower metallicities the high—« population declines in [o/Fe] until [Fe/H] == —1.3, at which point
[ce/Fe] increases. The grey line highlights our adopted separation between high—c and low—ca populations. The accreted population (right panel) displays a linear
decline in [o/Fe] with increasing metallicity. The == 7 outlier stars at [Fe/H] = —0.5 are likely heated stars from the in-situ population. In the left panel, symbol
size is inversely proportional to metallicity in order to draw attention to the low-metallicity sequence, and the average uncertainties are shown as a function of
metallicity along the bottom.
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Figure 2. Metallicity distribution function (MDF) of the in-situ, high—c pop-
ulation. The inset shows the MDF on a linear scale. There is a substantial
increase in stars above a metallicity of [Fe/H] = —1.0.
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Figure 3. Average Kinematic behavior of the in-situ, high— population as a function of metallicity. Left panel: average azimuthal velocity (V). Right panel:
vertical velocity dispersion (e, ). Our kinematic selection of the in-situ sample (black line) is compared to a sample selected only to have high c and |Z] < 1.5
kpc (blue line). The former selection will bias the azimuthal velocity high because stars on retrograde and radial orbits are removed, while the latter will bias
the velocity low because some accreted stars, which have preferentially radial orbits, are included. The true azimuthal velocity of the in-situ population lies
in between the black and blue lines. Below a metallicity of [Fe/H] == —1 the population is kinematically hot with little net rotation: at higher metallicities the
population is increasingly cold and disk-like. We include in the left panel a dashed line that indicates the average value for an intrinsically isotropic velocity
distribution with the in-situ sample selection applied.
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Figure 4. Ages of the in-situ, high—o (left panel) and accreted (right panel) stars as a function of metallicity. The sample here is restricted to main sequence
turnoff and subgiant stars (3.8 < log g < 4.2) where age estimates are most reliable. The upper limit on allowed ages is 14 Gyr (solid line). Error bars represent
formal 68% confidence intervals: in the left panel they are shown only at [Fe/H] < —1.3 for clarity. In the right panel, the in-situ stars are shown as light grey
points for direct comparison. The in-situ, high—o population is uniformly very old at [Fe/H] < —1.3, with ages = 12 Gyr. At metallicities above [Fe/H] = -1
the ages span a wide range, from = 8- 12 Gyr. In contrast to the in-situ population, the accreted population contains stars younger than 12 Gyr even at low
metallicities.
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Figure 5. Chemical evolution modeling of the in-situ, high—ce population. The red line shows a simple model in which the SFR is related to the gas mass by the
star formation efficiency, whose behavior is shown in the right panel. The model has a constant gas inflow rate and a mass-loading factor n = M, /SFR=2. The
key point is that the change in chemical evolution track around [Fe/H] ~ —1.3 is driven by a large increase in the star formation efficiency.

[Fe/H] =—1.3. We interpret the rise in [a/Fe] between [Fe/H]
=—1.3 and —0.7 as a consequence of accelerating star forma-
tion, which increases the rate of CC enrichment relative to Ia
enrichment. To achieve a good fit to the observed trend, we
adopt the following functional form for 7, (in units of Gyr):

50 t <2.5Gyr
7, ={50/[1+3(t—25) 25<t<3.7Gyr (3
2.36 t >3.7Gyr.

An instantaneous decrease in 7, at 2.5 Gyr would result in
a rapid increase in [Mg/Fe] at nearly fixed [Fe/H] (see be-
low, and Weinberg et al. 2017; Johnson & Weinberg 2020).
In order to match the observations we required a more grad-
ual change; the precise function was determined by trial-and-
erTor.
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Figure 8. Schematic overview of Galactic star formation efficiency (SFE)
over cosmic time. The colors indicate the kinematic state of the forming
component (red = hot, blue = cold). At early times the proto-Galaxy has low
SFE and is kinematically hot. After a period of ~ 1 Gyr, the SFE rapidly
increases and the kinematics become much colder. This marks the beginning
of the high—cv (thick) disk phase. Atz ~ 1 the GSE finishes merging with
the Galaxy. This event truncates the high—ev disk, creates the in-situ halo
via kicked up high—cv disk stars, and initiates the epoch of low—cv (thin) disk
formation. In this final phase, the kinematics are colder and the SFE lower
than the high—e disk (Nidever et al. 2014). Epochs are approximate. See text

for details.



BbiBOoabl

* CywuTtatoT, yto HABJTKOOATEJIBHO
YCTaHOBINEHO pe3Koe yBenNn4eHumne
9 PEKTUBHOCTU 3BE3000pa3oBaHNA B
Mne4dHowMm [lyTn Ha z=4, npuBeaLLee K Ha4vany
dopMUpoBaHUA OAUCKa.

* OTOT guck ctan TONCTbIM NOCMe CINAHUSA C
Cocuckon-OHuenagom 8 mnpa netT Hasag

* [lpnumHa peskoro Hadana SF Ha z=4 noka
HEMNOHATHA; B KOCMOJIOMMYECKMUX Moaenax
NOXOXNe ABJieHNs CBA3aHbl C MEPXKUHIOM, HO
cnyyatotcs ucknrouutenobHo Ha z<1 (NIHAQ)



