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Abstract

We report the first spatially resolved measurements of gas-phase metallicity radial gradients in star-forming
galaxies in overdense environments at z 2> 2. The spectroscopic data are acquired by the MAMMOTH-Grism
survey, a Hubble Space Telescope (HST) cycle 28 medium program. This program is obtaining 45 orbits of
WFC3/IR grism spectroscopy in the density peak regions of three massive galaxy protoclusters (BOSS 1244,
BOSS 1542, and BOSS 1441) at z =2-3. Our sample in the BOSS 1244 field consists of 20 galaxies with stellar
mass ranging from 10°° to 10'%3 M., star formation rate (SFR) from 10 to 240 M., yr ', and global gas-phase
metallicity (12 + log(O/H)) from 8.2 to 8.6. At 1o confidence level, 2/20 galaxies in our sample show positive
(inverted) gradients—the relative abundance of oxygen increasing with galactocentric radius, opposite the usual
trend. Furthermore, 1,/20 shows negative gradients, and 17,/20 are consistent with flat gradients. This high fraction
of flat/inverted gradients is uncommon in simulations and previous observations conducted in blank fields at
similar redshifts. To understand this, we investigate the correlations among various observed properties of our
sample galaxies. We find an anticorrelation between metallicity gradient and global metallicity of our galaxies
residing in extreme overdensities, and a marked deficiency of metallicity in our massive galaxies as compared to
their coeval field counterparts. We conclude that the cold-mode gas accretion plays an active role in shaping the
chemical evolution of galaxies in the protocluster environments, diluting their central chemical abundance, and
flattening /inverting their metallicity gradients.

Unified Astronomy Thesaurus concepts: Galaxies (573); Protoclusters (1297); Chemical abundances (224); Galaxy
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formation (595); Galaxy evolution (594); High-redshift galaxies (734)

1. Introduction

Metallicity gradients can be a diagnostic of several
evolutionary processes in galaxies, including gas inflows and
outflows, star formation and evolution (Finlator & Davé 2008;
Peng & Maiolino 2014), and mergers (Rupke et al. 2010).
Radial metallicity gradients have been under study for decades
(Searle 1971; Pagel & Edmunds 1981; Hou et al. 2000).
Growing interest in this field has prompted more observations
in recent years (Swinbank et al. 2012; Jones et al. 2013;
Leethochawalit et al. 2016; Forster Schreiber et al. 2018),
together with numerical simulations (Ma et al. 2017; Tissera
et al. 2019; Hemler et al. 2021). The normal trend of gas-phase
metallicity decreases from the inside out, the gradient of which
is negative, and we call it inverted if the gradient is positive in
the opposite case. Some previous works show negative
gradients in local field galaxies (Ho et al. 2015) as well as at
higher redshift (Wang et al. 2017, hereafter W17), and positive
(inverted) gradients are also found at both local, intermediate
(0.1 £z < 0.8) (Carton et al. 2018), and higher redshift up to
7~ 3 (Cresci et al. 2010; Wang et al. 2019). The meaning of
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the different gradient behaviors is still under debate—more
observations, as well as simulations, are still needed.

A plausible explanation for inverted gradients is “cold-
mode” gas accretion, which has long been recognized to play a
crucial role in feeding baryonic gas to galaxies (KereS et al.
2005; Dekel et al. 2009). The cold-mode accretion dominates
low-mass galaxies (with stellar mass M, < 1010'3M®), where
gas from cold dense intergalactic filaments gains gravitational
energy and flows into the galaxies at lower temperatures
(T<10° K), instead of being shock-heated to the virial
temperature of the dark matter (DM) halo (T ~ 10°K for an
M,, ~ 10">M_,, halo) before cooling and forming stars (Dekel &
Birnboim 2006). The latter is conventionally referred to as
“hot-mode” accretion, which dominates high-mass galaxies. In
the cold-mode accretion scenario, the primordial gas directly
flows into the center of galaxies and dilutes the metallicity of
the central gas, which disturbs the original distribution of
chemical abundance and thus flattens or even inverts the
metallicity gradients. The transition between cold and hot mode
happens at stellar mass M, ~ 10'*M_ or in terms of halo
mass M, ~ 10“'4M® (Keres et al. 2005). However, for galaxies
at redshift z2>2, cold-mode accretion could still exist in
massive galax1es M, > 10"°M_, (Dekel et al. 2009). At high
redshift, the cold gas fed by dark matter filaments can penetrate
deep into galaxies with halos more massive than the
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shock-heating scale, where the gas along filaments cools before
the pressure develops to support a shock.

The main observational challenge is that sub-kiloparsec
(sub-kpc) resolution (angular resolution <072 at z~2) is
required to accurately measure spatial distributions of metalli-
city in galaxies. Building such a sample for high-z galaxies
often suffers from the relatively poor spatial resolution of
seeing-limited data, which fails to resolve the inner structures
of distant galaxies (Carton et al. 2018; Curti et al. 2020). On the
other hand, Forster Schreiber et al. (2018, hereafter F18) built a
sub-kpc-resolution galaxy sample at z ~ 2 using SINFONI at
the ESO Very Large Telescope (VLT), assisted with adaptive
optics. Wang et al. (2020, hereafter W20) present the first large
sub-kpc-resolution sample via grism spectroscopy from the
Hubble Space Telescope (HST) in the redshift range of
1.2 < z<2.3. Simons et al. (2021) further extend such analyses
to a wider redshift range of 0.6 <z <2.6.

In this work, we obtain the first measurements of radial
metallicity gradients of galaxies in overdense environments at
722 using the data acquired by the MAMMOTH-Grism
slitless spectroscopic survey. This survey is a medium program
in Hubble Space Telescope cycle 28 (GO-16276, P.I. Wang),
allocated a total of 45 orbits of WFC3/G141 grism spectrosc-
opy and WFC3/F125W pre-imaging in the central field of
three of the most massive galaxy protoclusters at cosmic noon.
This paper only includes galaxies in the BOSS 1244
protocluster.

This paper is organized as follows. In Section 2, we describe
the grism data reduction, sample selection, and metallicity
measurement method. We present our findings on the relation
between galaxy mass and metallicity gradient in Section 3. Our
conclusions are given in Section 4. In this paper, we adopt the
AB magnitude system and assume a flat ACDM cosmology with
0,,=03, 2y =0.7, and Hy = 70 km s~! Mpc~'. The metallic
lines are indicated in the following manner for brevity, [O III]
A5008 :=[O1m], [OM]AN3727,3730:=[O1], [Nell] 3869 :=
[Ne ], and [N II] A6585 := [N 11], unless otherwise specified.

2. Methodology and Measurements
2.1. Grism Observations and Data Reduction

The BOSS 1244 protocluster was discovered via the
MAMMOTH technique (Cai et al. 2016) and spectroscopically
confirmed by LBT/MMT IR spectroscopy (Shi et al. 2021).
The Grizli software package® is utilized in reducing the paired
pre-imaging and grism exposures, following our previous work
(Wang et al. 2022, hereafter W22). In brief, Grizli preprocesses
the raw WFC3 exposures by flagging the pixels affected by
cosmic rays and persistence, correcting for master and variable
sky background caused by the metastable helium glow and
performing WCS alignment to the Gaia DR2 astrometry frame.
After preprocessing, Grizli constructs forward models of the
full field-of-view (FoV) grism exposures at the visit level in an
iterative manner. As a result, at the last iteration when the
forward-modeling converges, Grizli produces a catalog of
source redshift and extracted physical properties, e.g., emis-
sion-line fluxes and spectral indices. For all sources in this
catalog, we also extracted their 1D/2D grism spectra and
nebular emission-line 2D postage stamps, with a 60 mas plate

8 https://github.com/gbrammer/grizli/
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scale, Nyquist-sampling the WFC3 PSF. We use the same data
products as in W22.

2.2. Sample Selection

The preselection of the sample has been discussed in detail
in our previous work (W22). In brief, we fit linear combina-
tions of spectral templates to the optimally extracted 1D grism
spectra to infer the grism redshifts. We then compile a sample
of 55 spectroscopically confirmed galaxies at z ~ 2.24, which
are likely member galaxies of the BOSS 1244 protocluster (Shi
et al. 2021). We also use 1D Gaussian profiles at corresponding
wavelength centers to fit their intrinsic nebular emission lines
and thus obtain emission-line fluxes ([O 111], [O 11], Hy, HG, and
Hé). We then select sources with [OTII] and [O II] emission
lines with both lines having S/N > 3. From our diffraction-
limited WFC3 /G141 spectroscopy of these objects, we obtain
their 2D emission-line maps, extracted from their 2D grism
spectra after removing their best-fit 2D models of source stellar
continua. We follow the custom technique developed by Wang
et al. (2020) to deblend the self-contaminating line complex of
the HG + [O 1] AA4960,5008 doublets to produce 2D maps of
[OI]A5008 and H clean of the orientation-specific contam-
ination of [O II]A4960.

We also considered active galactic nucleus (AGN) ionization
because the strong-line calibrations used to infer metallicity are
not valid for the AGN ionization. We rely on the mass-
excitation diagram (Juneau et al. 2014; Coil et al. 2015) to
exclude AGN candidates in our sample. We identified three
galaxies as being likely AGNs (see the right panel of Figure 3
in W22).

To securely measure metallicity gradients, we apply Voronoi
tessellation (Cappellari & Copin 2003) to each galaxy’s [O III]
map to bin it into subregions, each having S/N > 2.5 in [O 111].
We further select sources having more than 10 Voronoi bins in
order to have enough points to fit metallicity gradients reliably.
Finally, we have 20 galaxies that passed our selection criteria
and 1 galaxy satisfying all criteria except AGN contamination.
We keep the AGN data point in Figures 2 and 3 but omit it in
other analyses. The integrated metallicity of this AGN is
inferred from 2D line-flux maps with the center masked out by
a projected r = 1.5 kpc disk to exclude regions contaminated by
the central AGN.

2.3. Radial Metallicity Gradients

Following previous analyses, we assume that all galaxies in
our sample are thin rotating disks, supported by recent spatially
resolved observations of the ionized gas radial velocity fields at
similar redshifts with M, > 109M@ (see, e.g., Jones et al. 2010;
Forster Schreiber et al. 2018). The apparent elliptical morph-
ology of galaxies stems from their inclination. Once we fit the
inclination angle, we can deproject the images to the source
plane and therefore get the intrinsic galactocentric distance. We
use the software GALFIT (Peng et al. 2002) to fit each source
morphology. We fit 2D Sérsic profiles convolved with the PSF
to the direct F160w image. The free parameters in the fitting are
the xy coordinates of the galaxy center, the major-axis effective
radius R,, the Sérsic index n, the projected axis ratio b/a, and
the position angle (PA). We use the o image internally
generated by GALFIT in the fitting. For galaxies with irregular
shapes (e.g., ID 1435), we use multiple Sérsic components in
the fitting, and we use the measurements from the brightest


https://github.com/gbrammer/grizli/

THE ASTROPHYSICAL JOURNAL LETTERS, 929:L.8 (11pp), 2022 April 10

component. We get the inclination angle i through the simple
relation: cos(i) = b/a. The fitted results for our 20 galaxies are
listed in Table 1.

We follow procedures in W22 to jointly constrain metallicity
(12 + log(O/H)), nebular dust extinction (A4,), and dereddened
Hp flux (fyp) using our forward-modeling Bayesian inference
method. The likelihood function is defined as

— R 2
Lo(exp[_ 1 (fer, — R fup)

: , 1
2 T (oeL)* + (fyp)* (UR,-)Z) M

where fp; . and ogr, represent the dereddened emission-line
(e.g., [O11], Hy, HEG, [O 1)) flux’ and its uncertainty, corrected
using the Calzetti et al. (2000) dust extinction law with A, as a
free parameter. The emission-line maps are smoothed by an
FWHM = 0”2 Gaussian kernel, corresponding to the spatial
resolution of HST. R; corresponds to the expected line-flux
ratios between EL; and HG (i.e., R; can be the Balmer
decrement of Hy/HB = 0.47 and the metallicity diagnostics of

[O 111]/HE and [O 11]/HP) and oy, is their intrinsic scatter. The
EMCEE package is employed to perform the Markov Chain

Monte Carlo sampling.

The metallicity measurements are dependent on the specific
calibration we choose because R; and oy, are given by strong-
line calibrations. See W22 for a detailed discussion of the
different choices. Here we adopt the empirical strong-line
calibration in Bian et al. (2018) to convert emission-line-flux
ratios to metallicity.

We apply the metallicity inferred above to each Voronoi bin
in galaxies in our sample, so that we can investigate the relation
between metallicity and the galactocentric distance. The
Voronoi tessellation (as used in W20) is superior to averaging
the signal in radial annuli (as is used in F18) because of
azimuthal variations in chemical abundance discovered in
nearby spiral galaxies (Ho et al. 2017). We use a simple linear
least-squares method to fit the metallicity gradients with the
following formula:

12 + log(O/H) = 0 + ;7 2)

Here 6y and 6, are the intercept and the gradient of the linear
function, respectively, and r is the deprojected galactocentric
radius in kiloparsec.

3. Results
3.1. Galaxies’ Morphology

We run Galfit as discussed in Section 2 and list the results in
Table 1. We notice that most of our galaxies have a regular
morphology, i.e., they can be well fitted by a single Sérsic
profile. The exceptions are ID 00313 and ID 01435. They show
patterns of off-center clumps. Those may be attributed to star-
forming clumps formed by gravitational instabilities in
turbulent gas-rich disks (Zanella et al. 2015). Considering that
the x* = 1.88 for ID 00313 fitted by Galfit is still acceptable,
we retain this result. Because the clump in ID 01435 is more
prominent, we therefore add multiple components for this
galaxy and use the brightest component to derive the galaxies’
morphology properties.

° When computing the integrated metallicity, the flux is calculated by fitting

multiple Gaussian profiles to the extracted 1D spectra (see Section 3.4 in W22
for details) instead of using 2D emission maps such as when calculating
metallicity gradients.
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3.2. Mass Dependence of Metallicity Gradients

We list the metallicity gradient measurements in Table 1. An
example of the fitting together with the galaxy’s emission-line
maps is shown in Figure 1, and the entire sample is shown in
Figure 6 in the Appendix. At the 1o confidence level, 2 and 1
galaxies have inverted and negative gradients (i.e., positive or
negative and lo away from being flat), while 17 of the 20
galaxies are consistent with flat gradients. It is surprising that
most of our galaxies have flat or marginally inverted gradients,
lacking negative gradients, in contrast to expectations from
previous cosmological hydrodynamic simulations and observa-
tions in blank fields at similar redshifts.

In Figure 2, we show the metallicity gradients as a function
of the stellar mass, compared with previous observations in
blank fields with sub-kpc resolution and simulations at a similar
redshift of z ~2. W17 and W20 collect a galaxy sample with a
stellar-mass range of [107, 10'°]M_, using HST WFC3 NIR
grisms through the Grism Lens-Amplified Survey from Space
(GLASS) program; F18 measured galaxies in the mass range of
[10®, 10" 1M, using SINFONI at VLT assisted with adaptive
optics. These two samples have robust measurements on radial
gradients due to their sub-kpc resolution. There also exist other
observations at high redshift (Stott et al. 2014; Wuyts et al.
2016; Curti et al. 2020) yet these data are taken under natural
seeing. In simulations, Ma et al. (2017) studied a galaxy sample
in the mass range [10%, 10"']M., from Feedback in Realistic
Environments (FIRE) simulations implementing the strong
feedback scheme; Hemler et al. (2021) have a galaxy sample in
the mass range [10°, 10'']M_, from the TNG50 star-forming
galaxy population. The predictions of FIRE simulations match
well with the negative gradients in F18. And there are also
predominantly negative gradients in the TNGS50 simulation.
However, our sample shows a large fraction of flat/inverted
gradients, where the weighted average metallicity gradient in
the BOSS 1244 field is 0.010+£0.005; this is hardly seen
in F18, where the weighted average metallicity gradient is
—0.041 £ 0.004. The inverted gradients are also found in W20,
while our samples have a wider stellar-mass range in
log(My/M:) = [9.5, 10.5], which strongly suggests that
inverted gradients also exist in galaxies with higher masses.

3.3. Environmental Effects

We plot metallicity gradients as a function of the integrated
galaxy metallicity on the left panel of Figure 3. We see
evidence for an anticorrelation between the metallicity and
metallicity gradient (hereafter the Zgrad-Z relation for
simplicity), with Pearson coefficient r = —0.49 and p-value
p =0.03. This low p-value indicates that the metallicity and
metallicity gradients are correlated at the 95% confidence level.
We find that metal-rich galaxies tend to show negative
metallicity gradients, while metal-poor galaxies are more likely
to have inverted gradients. It is also consistent with the galaxy
mass dependence of the metallicity gradient, in the sense that
more massive galaxies tend to be more metal rich (Salim et al.
2015) and the metallicity gradient is anticorrelated with mass
(Ma et al. 2017; Wang et al. 2020).

When primordial gas flows into a galaxy, it dilutes the
central metal abundance, raises the metallicity gradient, and, at
the same time, also dilutes the integrated metallicity of the
galaxy. This can explain why we tend to see stronger inverted
metallicity gradients for metal-poor galaxies. In Figure 4, we



Table 1
Derived Physical and Morphological Properties of the Galaxies

Photometry (ABmag)

Morphology Properties

Derived Physical Properties

D R.A. Decl. Zerism Oy
(deg.) (deg.)

FI25W  F160W U z K, R, b/a PA X log(Ms/M>)  SFR Mo yr ) 12 4 log(O/H)  VZ (dexkpe™")
00262°  190.938355  35.849177 222 16.38 22.59 21.83 2471 2304 2050 195 075 16.95 1.33 11.434003 51.01°3% 8.40701% 0.050 + 0.045
00313 190.902894  35.851659  2.23 18.57 24.45 23.68 2550 2421 2261 263 029 17.07 1.88 10315908 10.6441% 8.355008 0.003 £ 0.021
00613 190921119  35.865813 224  20.68 24.30 23.78 2538 2437  22.82 224 044 40.15 1.20 10.18599% 9.325101 8415019 0.006 + 0.048
00769 190.909740  35.871348 2.24 2221 23.43 23.05 2443 2335 2225 236 071 —14.18 1.39 10.127311 23.06147%3 8.371008 0.036 4 0.043
00996 190.873758  35.880726 232 2247 23.96 23.41 2586 2412 2304 114 050 —6354 122 10.10409 38.6110%42 8.30913 0.012 + 0.066
01335 190.871757  35.895697 224  24.14 23.04 2272 2441 2281 2173 411 043 86.05 1.34 10.1343%9 114.05:219 8.56700% -0.041 + 0.040
01394 190.877806  35.898194 221 24.99 23.81 23.61 24.84 2367 2271 099 040 24.13 1.31 931104 24757472 8.51008 0.014 4 0.035
01435 190.869813  35.900036 221 2433 23.46 23.13 2535 2324 2227  1.02 097 —5.47 1.25 9.89+0:92 93.261 133 8.351008 0.025 4 0.048
01464 190.873403 35901270 221  24.84 23.81 23.40 2583 2401 2249 131 043 74.13 1.34 10.08+3:1 33.401833 8.495001 -0.012 + 0.042
01467 190.869254 35901455 221 24.39 24.00 23.51 2552 2388 2343  1.68 040 —7141 140 9.801008 34.161285 8.2410:10 0.037 + 0.027
01890 190.865939 35913638 225 24.77 25.08 24.36 2636 2443 2436 193 046 17.43 1.17 9.1475%7 17.05727) 8287011 0.057 4 0.074
01998 190.868202 35916375 2.1 25.16 22.83 22.49 2394 2226 2125 189 095  —37.99 155 10.30*9:08 121.5973]% 8.37019 0.003 =+ 0.044
02327 190.927963 35926164 224  23.65 23.99 23.52 2593 2425 2282 108 065 57.80 122 10.015913 24764455 8.397008 0.014 + 0.053
02330 190.905581  35.926178 229  25.99 22.78 22.39 2542 2289 2127 131 097 23.60 1.29 10.347587 238.14134%3 8.431507 0.038 + 0.037
02992 190.843993  35.949979 235  21.76 23.84 23.29 2640  23.67 2297 137 072 —8693 130 9.95+0:08 109.4151209 8.491098 -0.061 = 0.085
03061 190.838668  35.953087 223 20.82 23.07 22.73 2439 2290 2182 279 036  —3625 125 10.154519 49.7843% 8411007 -0.008 + 0.022
03155 190.842877 35957764 232 21.37 23.48 23.02 2632 23.60 2200 244 080 58.41 1.30 10.2759%8 207.88395 8.5500% 0.041 +0.058
03276 190.857451 35964185 221 2277 22.48 22.18 2404 2220 2143 313 054 -9.10 1.51 10.225949 189.8532:0% 8.397000 0.012 +0.021
03331 190.862922 35967686 222  22.89 24.04 23.71 2520 2371 2276 178 034 —6.72 1.23 9.401015 28.117448 8297010 0.017 + 0.052
03495 190.853920 35977367 223 2148 23.72 23.22 2649 2370 2286 162 059 —5370 122 10.0053:52 123.79°3:13 8.407987 0.023 + 0.044
03516 190.851775 35979114 2.23 21.17 23.79 23.46 2586 2363 2271 250 045 2716  1.20 9.8015:42 75.17H3%% 8.447519 0.022 4 0.047
Notes.

? The SFR is derived through SED fitting using J- (HST F125W), H- (HST F160W), U- (LBT/LBC Uspec), z- (LBT/LBC z-SLOAN), and K;-band (CFHT K;) photometry, assuming a constant star formation history,
but the SFR in our previous work (W22) is derived through dust-corrected H flux.
® This object is classified as an AGN. Its integrated metallicity is inferred from 2D line-flux maps with the center masked out by a deprojected r = 1.5 kpc disk to discard regions contaminated by the central AGN,
whereas the line fluxes for objects without AGNs are estimated from fitting 1D Gaussian profiles in 1D spectra.
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Figure 1. The galaxy ID 03495 as an example of the analysis procedures applied to our entire sample. Top, from left to right: the F160W image of this galaxy, its
metallicity map, and radial gradient. The black solid contours mark the deprojected galactocentric radii with a 1 kpc interval. The black dashed—dotted ellipses mark
the half-light radii fitted by Galfit. Bottom: The smoothed 2D emission-line maps ([O 11I], [O 11], HB, and H~) are used to infer the metallicity map. In all maps, north is
up and east is to the left.

% 10
=
=
M —r ] |
——]
————————— : —
L + il
0.1F 4
r —— .
) | —eo —| = ]
& -
% | ﬁ_ Ny & % ]
5 00 ==
) L | _ B 5 4
._"é L R T—o_—__ o E 1
< L Ed st alabaiainininbe, ututnbatuy ) GHRN R I L i D PP 4
S % i
z | 1
s |
= | Forster schreiber+18 (1.95252.2) |
g e 4 Wang+17+20 (1.95252.3) 1
-0.2F 4 BOSS1244 (2.25252.3) A
I --f-- Ma+17 simul. (z=2) i
L --4-- Hemler+21 simul. (z=2) J
_0 3 L | 1 | | 1 | | 1 | | 1 | | 1 | | 1 ] . . .
’ 9.0 9.5 10.0 10.5 11.0 1150 5 10 15
log(M, /M) Counts

Figure 2. The metallicity gradients as a function of stellar mass for high-z star-forming galaxies in blank fields and overdense environments. The red diamonds are
from our BOSS 1244 field, and the hollow one marks the galaxy categorized as an AGN. The orange circles are observed in F18. The blue diamonds come from the
combined sample in W17 and W20, and the ones with left-pointing arrows represent dwarf galaxies (log(My/M.) < 8.5). These upper limits are omitted from our
comparison for being far from our sample mass range. The red and orange contours denote the 50th, 68th, and 95th percentiles of the distribution estimated with
Gaussian KDE. The dashed green line is the population stack of five mass bins from FIRE simulations (Ma et al. 2017). The magenta dashed line is the population
stack of four mass bins from TNG50 simulations (Hemler et al. 2021). The histograms on the top and right of the main figure show the number distribution of
observed stellar masses and metallicity gradients, respectively. From the histogram, our sample has the largest number of galaxies in the mass range
log(My/M:) = [10, 10.5] and has a notable number and fraction of inverted metallicity gradients.

show the mass—metallicity relation (MZR) of our 20 galaxies
residing in extreme overdensities and that from the MOSDEF
survey targeting blank fields, at similar redshifts (z~2.3)

(Sanders et al. 2021). The comparison of the MZRs in our
BOSS 1244 high-density field and the MOSDEF blank fields
has already been discussed in W22, and here we only focus on
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Figure 3. Left: relation between metallicity gradients and global metallicity of our galaxies. The red dashed lines show the linear fitting of the data using the LINMIX
software with the 1o error of both metallicity and metallicity gradient taken into account. The data points are color-coded by their environment overdensity 6,. The
diamond with an orange error bar marks the galaxy classified as an AGN, which is excluded in the linear fitting in both left and right panels. Right: the metallicity
gradients as a function of overdensity ¢, of our samples. The data points are color-coded in SFR. The blue dashed line is also the linear fitting using LINMIX, taking
into account the 1o errors of the metallicity gradients. The data points are color-coded in SFR.
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Figure 4. The mass—metallicity relation (MZR) for our galaxy sample
compared with the MZR measured in the field by the MOSDEF survey at
z ~ 2.3 (Sanders et al. 2021). The diamonds with pink bars represent individual
galaxies, color-coded in overdensity 0,. The red and blue lines correspond to
the stacks of galaxies in our BOSS 1244 protocluster and the MOSDETF fields.
The gray dotted line shows the reference MZR derived using the Sanders et al.
(2021) FMR assuming the SFR and M, of our sample galaxies. We see that our
galaxies residing in overdense environments show significant metallicity
deficiency, compared with their coeval field counterparts, particularly in the
high-mass regime. Here we not only show the 20 galaxies in this work, but also
the other 16 galaxies in W22, to illustrate the relation in our protocluster
environment with stronger statistical significance.

galaxies with metallicity gradient measurements. We caution
that these surveys have different line-flux limits, which results
in different source selections that can affect the behavior of the
MZR (see a recent comprehensive analysis by Henry et al.
2021). To account for this selection effect, we employ the
fundamental metallicity relation (FMR) prescribed by Sanders
et al. (2021) to derive the field reference values of metallicities
for our galaxies.

We find a marked deficiency of metallicity for our galaxies,
in particular with M, ~ 10'°M_, as compared to their field
reference values. This metallicity deficiency is possibly caused
by the combined effects of cold-mode gas accretion from
cosmic filaments (KereS et al. 2009) and metal-enriched gas
removal by ejective feedback (Muratov et al. 2015). Kleiner
et al. (2017) found that massive galaxies, with their deep
gravitational potentials, should accrete cold IGM gas from the

intrafilament medium. We suggest that the gravitational
potential of the cluster-scale dark matter halo in overdense
environments would also draw primordial gas from the IGM
through cosmic filaments. This cold-mode accretion boosted by
the extremely massive protocluster dominates our high-mass
galaxies, diluting the metallicity, making them more metal-poor
than their coeval field counterparts. The star-forming feedback
blows metal-rich winds outward and flattens/inverts the
metallicity gradients (Wang et al. 2019). For energy-driven
winds, the mass loading factor is 7 oc vv’irz o« M, 13 and
N o Vg o M, /3 for momentum-driven winds. Thus, the
fraction of metal-rich gas that is blown outward by feedback
decreases with halo mass, so the outflows are suppressed in
high-mass galaxies due to their massive DM halos, as well as
the cluster-scale DM halo. In this case, the cold-mode accretion
enhanced by the protocluster environment should dominate for
most of the galaxies, while star formation feedback that is
suppressed by DM halos would play a minor role.

On the right panel of Figure 3, we plot the relation between

metallicity gradient and galaxy overdensity &, where ¢, is
defined as ¢, = % — 1, Zgoup is the Ho emitter (HAE)

.gl' P . . . .
number per arcmin® within the overdensity, and Ygeq is the

surface density of HAEs in random fields. We estimate the d,
field by fitting 2D kernel density estimation (KDE) to the HAE
map with a 200” (~ 5.3¢ Mpc) Gaussian kernel, normalized by
the maximum 6, of the group calculated in Shi et al. (2021).
We also use LINMIX to fit a linear relation. We find no
significant correlation between metallicity gradient and 6,, with
a Pearson coefficient r=0.17 and p-value p=0.46. The
protocluster may be too dense to reach a certain threshold (all
sample galaxies reside in a similarly overdense environment,
far denser than blank fields), at which there is enough gas to
replenish all the member galaxies; thus, the metallicity mainly
depends on each galaxy’s individual properties. Thus, the trend
that metallicity gradients grow as overdensity increases is not
so obvious. We expect a more significant correlation as the
galaxy sample continues to accumulate in the MAMMOTH-
Grism survey.

4. Conclusion

We have presented the first sample of gas-phase metallicity
radial gradients measured in overdense environments at z > 2
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using grism slitless spectroscopy. The data presented in this
work were acquired by MAMMOTH-Grism in the HST cycle
28 medium program. The BOSS 1244 protocluster field is
among three of the most massive galaxy protoclusters at
7~2.2-2.3 identified using the MAMMOTH technique, in
which we selected a sample of 20 protocluster member galaxies
with M, /M. €[10°, 10'%%], SFR e[10, 240]M. yr ', and
12 + log(O/H) € [8.2, 8.6] to measure metallicity gradients.
We find an unprecedentedly large fraction of flat/inverted
gradients in this protocluster environment, compared with that
of MOSDEEF field galaxies. At the 1o confidence level, we find
2/20 of galaxies showing inverted gradients and 17/20 with no
significant gradients. This differs from the usual trend of
negative gradients. We find an anticorrelation between
metallicity gradients and integrated metallicity. We conclude
that these notable flat/inverted gradients are likely caused by
strong cold-mode accretion in protoclusters. The overdense
environments boost cold-mode accretion by dragging more
primordial gas through cosmic filaments and injecting it into
the galaxies’ centers through the strong gravitation of the
massive cluster-scale DM halo. The primordial gas directly
dilutes the integrated metallicity and also flattens/inverts the
metallicity gradients. This scenario is consistent with the
anticorrelation between metallicity gradients and integrated
metallicity, where we expect the galaxy to be more metal poor
when it shows a higher metallicity gradient in response to gas
diluting its center.

While the hydrodynamical simulations so far match the
negative metallicity gradients well for field galaxies, they
cannot reproduce our findings in overdense environments. This
also suggests that future hydrodynamical simulations should
take such environmental effects into consideration to investi-
gate the galaxy mass assembly processes in protoclusters.

The ongoing MAMMOTH-Grism program includes two
other protocluster fields, BOSS 1542 and BOSS 1441 (Cai
et al. 2017; Shi et al. 2021). We expect our statistics will be
improved once all the data are acquired by HST and analyzed,
when the sample size will be three times as large as now. This
MAMMOTH-Grism full sample of galaxies at cosmic noon in

V Z 11 = 0.000
VZpee = — 0.00045038

V Z e = 0.020
VZpee = 00075551

V Z e = 0.040
YV Zpee =0.02245512

Li et al.

extremely overdense environments provides a unique opportu-
nity for us to further understand environmental effects on
galaxy formation.
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are supported by the National Key RD Program of China (grant
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Software: EMCEE (Foreman-Mackey et al. 2013), Grizli
(Brammer & Matharu 2021), GALFIT (Peng et al. 2002),
VorBin (Cappellari & Copin 2003), LINMIX (Kelly 2007).

Appendix A
Systematic Error Estimation Using Mocks

To test the robustness of our method and estimate the
systematic error, we use mocks to compare the reconstructed
metallicity gradients with the input values. To build a
simplified model of emission-line maps, we consider a face-
on galaxy with HS having a Sérsic profile with index n=0.5
and R, = 1.5kpc. We then assign the metallicity to the disk
with given gradients and obtain other line maps ([O I11], [O 11],
and H7y) from the HB maps considering the metallicity
calibrations in Bian et al. (2018). We add Gaussian random
noise to the line maps so that they have the desired S/N. We
then apply the pipeline discussed in our paper to the mock
emission-line maps to calculate the metallicity gradients. In the
mocks, we choose five metallicity gradients: [0,0.02,0.04,
—0.02, —0.04] dex kpc_l, and (S/ N)n, = 3, comparable to the
median (S /N)HD = 3.4 of our sample galaxies.

We run each case 100 times and estimated the systematic
error to be ~0.02 dex kpc~'. From the first panel of Figure 5,
we find that the reconstructed metallicity gradients generally
agree with the true values within 1o in all five cases. We also
note that the reconstructed gradients tend to be flat: The
reconstructed gradients are less steep than the original input

Y Ztre = — 0.020 Y Zte = — 0.040
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VZ [dex/kpc]

0.05
VZ [dex/kpc]

0.0 A . 0.00
V Z [dex/kpc]

VZpee = — 0.014+:935

0.05 —0.05 0.00

VZ [dex/kpc]

0.05-0.10 —0.05 0.00

VZ [dex/kpg]

-1 0 -1 0 1 -1
V Z/error V Z/error

0
VZ /error

1

-1 0
V Z/error

V Z/error

Figure 5. The histogram of the fitted metallicity gradients (top), and the metallicity gradients divided by their uncertainties (bottom). From left to right: the results for
five different mocks with true gradients [0,0.02, 0.04, —0.02, —0.04] dex kpc". The black dotted line denotes the true gradient value. The solid red line represents the
median value in the 100 reconstructions, and the red dashed lines show the 1o interval.
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Figure 6. Metallicity radial gradients measured in our sample. The same as Figure 1.
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Figure 6. (Continued.)
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Figure 6. (Continued.)

values for both positive and negative cases. From the second
panel, we find that most of the measurements are below the 1o
significance level, similar to the situation of our measurements
in the BOSS 1244 field.

Interestingly, in the two mocks with positive gradients, we
find that the ratio of positive reconstructed gradients is [59%,
87%) for VZrwe = [0.02, 0.04] dex kpc ™' respectively, while
in our galaxy sample, the ratio of positive gradients is 16/
20 =80%. This hints that our sample galaxies tend to have
intrinsic  positive gradients, despite the relatively large
uncertainty in metallicity calculation and gradient fitting.

Appendix B
Detailed Figures for Measuring Radial Gradients

In Figure 6, we show the gradients measurement as well as
emission line maps of all the galaxies in our sample.
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