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ABSTRACT

Metals in the diffuse, ionized gas at the boundary between the Milky Way’s interstellar medium (ISM)
and mrcumala,ctlc medium_ CGM known as thedlsk—halo interface (DHI), are valuable tracers of
the feedback “processesta,'" drive the Galactic Tountain. | owver'”m'e"alclty measurements in this
region are challenging due to obscuration by the Milky Way ISM and uncertain ionization corrections
that affect the total hydrogen column density. In this work, we constrain the ionization corrections
to neutral hydrogen column densities using precisely measured electron column densities from the
dispersion measure of pulsars that lie in the same globular clusters as UV-bright targets with high-
resolution absorption spectroscopy. We address the blending of absorption lines with the ISM by jointly
fitting Voigt profiles to all absorption components. We present our metallicity estimates for the DE
of the Milky Way based on detailed photoionization modeling to the absorption from ionized metal
lines and ionization-corrected total hydrogen columns. Generally, the gas clouds show a large scatter
in metallicity, ranging between 0.04 — 3.2 Z, implying that the DHI consists of a mixture of gaseous
structures having multiple origins. We estimate the inflow and outflow timescales of the DHI ionized
clouds to be 6 — 35 Myr. We report the detection of an infalling cloud with super-solar metallicity
that suggests a Galactic fountain mechanism, whereas at least one low-metallicity outflowing cloud
(Z < 0.1 Z) poses a challenge for Galactic fountain and feedback models.
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Figure 1. 3D distribution of the targeted GCs in the Galac-

Milky Way ISM was not present in the spectrum
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and the Sun is at (-8.122, 0, 0) kpc. We mark the GC sight
lines where IVCs or/and HVCs are detected in the UV spec-
trum as “DHI detection” (blue star). A “DHI non-detection”
(gray star) indicates that gas kinematically distinct from the
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Figure 10. The detected IVCs (diamond) and HVCs (circle) in the Galactocentric system where the Sun is at (-8.122, 0, 0)
estimation in color. The vector sizes are proportional to the line of sight velocity centroids in the LSR. We also present t;

kpc. The left panel shows the distribution in the XZ plane and the right panel is for the XY plane. We show our metallicity
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Figure 2. The Voigt profile fit for the M3 sight line (NGC5272-ZNG1). The Black dashed line shows the joint fit including all
the absorption components. We separate two intermediate velocity gas clouds, IVa and IVb (blue-solid lines), from the Milky
Way ISM (green-shaded) and star (gray-shaded). The component labeled IVa is well-detected in highly-ionized metal species,
but is severely blended with saturated absorption from the Milky Way in a few low-ionization metal species (red labels), which
makes it impossible to constrain gas column densities from those absorption lines. We mark IVC non-detections in a given ion
species with a purple label.
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Figure 3. The Milky Way radiation field modeled by Fox
et al. (2005), with the positions in xz space of our 8 targets
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Figure 5. The HMC corner plot of M3 fitting to the photoionized low-ion cloud model. The fitted parameters are neutral
hydrogen column density Nu1, metallicity Z/Z¢, and ionization parameter U. The median values of posteriors for each IVC are

presented with +1o.

Figure 8. The deviation of the ionic column densities de-
rived from the UV absorption observations from the values
derived using best-fit Cloudy model. Ions are ordered on
the x-axis in order of increasing ionization potential energy.
Median deviations for every cloud are shown with a black
box outline. While the low-ion model does not use the ob-
servational constraints on Nsirv, Ncorv, or Nnv, both the
single-phase and two-phase models do.
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Figure 7. The metallicity comparison between photoionized cloud models. The errors are provided by the HMC PDF with
20 confidence. The blue circle points are for “photoionized low-ion cloud”, purple points represent “single-phase photoionized
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1.0 sity, IV, fraction for each gas component along the GC sight
- 0.25 lines, ordered by increasing distance to the GCs. Each bar
is divided into three components: Milky Way ISM (gray),
i - clouds (color), and ambient (gray-hatched). The fraction of
= the bar representing the IVCs and HVCs is color-coded ac-
cording to metallicity. The ISM fraction is calculated by the
—0:2 NE2001 model, as discussed in Section 4. The electron col-
g 807 . umn density of each cloud is estimated from the HMC fitting
§ 050 Ty with photoionization modeling. Since we set N, given by the
&2 @E pulsar DMs as an upper limit, this allows for an additional
' s component of electron column density besides that of the
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ent gas is the dominant source of free electrons along most
~1.00 lines of sight.
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Table 4. Kinematic model parameters.

Parameter  Inflow Outflow Stagnant
(km s~ 1)
+15 +39
Oy 3071 2213 0
vy 233+ 18 23272, 200430
+8 39
v, —6713, —22737 0
1 stagnant
M3 (Z =112 Z; Z =2.39 Z)
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Figure 13. Kinematic modeling of LSR velocity for each sight ne and observed LSR velocity of the detected IVCs (diamond)

and HVCs (circle).

LSR velocity is a function of distance from the Sun (left y-axis), and the maximum distance is given by

the distance to the targeted halo stars. We present the predictions of inflow (blue-shaded), outflow (red-shaded), and stagnant
(hatched) models with the parameters given in Table 4. The color of the data points denotes the categorization of inflow (blue),

outflow (red), and ambiguous (gray).
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ABSTRACT

Metals in the diffuse, ionized gas at the boundary between the Milky Way’s interstellar medium (ISM)
and circumgalactic medium (CGM), known as the disk-halo interface (DHI), are valuable tracers of
processes that drive the Galactic fountain. However, metallicity measurements in this
region are challenging due to obscuration by the Milky Way ISM and uncertain ionization corrections
that affect the total hydrogen column density. In this work, we constrain the ionization corrections
to neutral hydrogen column densities using precisely measured electron column densities from the
dispersion measure of pulsars that lie in the same globular clusters as UV-bright targets with high-
resolution absorption spectroscopy. We address the blending of absorption lines with the ISM by jointly
fitting Voigt profiles to all absorption components. We present our metallicity estimates for the DHI
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ABSTRACT

Feedback processes in galaxies dictate their structure and evolution. Baryons can be cycled through
stars, which inject energy into the interstellar medium (ISM) in supernova explosions, fueling multi-
phase galactic winds. Cosmic rays (CRs) accelerated at supernova remnants are an important com-
ponent of feedback. CRs can effectively contribute to wind driving; however, their impact heavily
depends on the assumed CR transport model. We run high-resolution “tallbox” simulations of a patch
of a galactic disk using the moving mesh magnetohydrodynamics code AREPO, including varied CR
implementations and the CRISP non-equilibrium thermochemistry model. We characterize the impact
of CR feedback on star formation and multiphase outflows. While CR-driven winds are able to supply
energy to a global-scale wind, a purely thermal wind loses most of its energy by the time it reaches
3 kpc above the disk midplane. We further find that the adopted CR transport model significantly af-
fects the steady-state of the wind. In the model with CR advection, streaming, diffusion, and nonlinear
Landau damping, CRs provide very strong feedback. Additionally accounting for ion-neutral damping
(IND) decouples CRs from the cold ISM, which reduces the impact of CRs on the star formation rate.
Nevertheless, CRs in this most realistic model are able to accelerate warm gas and levitate cool gas in
the wind but have little effect on cold gas and hot gas. This model displays moderate mass loading and

significant CR energy loading, demonstrating that IND does not prevent CRs from providing effective
feedback.
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ABSTRACT (BIDEAE) 1, IRIAISHEEREED DI TDEZEIFER

Galaxy mergers can enhance star formation rates throughout the merger sequence, with this effect peaking around the time of
coalescence. However, owing to a lack of information about their time of coalescence, post-mergers could only previously be
studied as a single, time-averaged population. We use timescale predictions of post-coalescence galaxies in the UNIONS survey,
based on the Multi-Model Merger Identifier deep learning framework (Mummi) that predicts the time elapsed since the last
merging event. For the first time, we capture a complete timeline of star formation enhancements due to galaxy mergers by
combining these post-merger predictions with data from pre-coalescence galaxy pairs in SDSS. Using a sample of 564 galaxies
with M, > 10'°M, at 0.005 < z < 0.3 we demonstrate that: 1) galaxy mergers enhance star formation by, on average, up to
a factor of two; 2) this enhancement peaks within 500 Myr of coalescence; 3) enhancements continue for up to 1 Gyr after
coalescence; and 4) merger-induced star formation significantly contributes to galaxy mass assembly, with galaxies increasing
their final stellar masses by, 10% to 20% per merging event, producing on average log(M./My) = 9.56" '3 more mass than
non-interacting star-forming galaxies solely due to the excess star formation.

Key words: methods: data analysis — galaxies: evolution — galaxies: interactions.
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ABSTRACT

Mechanisms for quenching star formation in galaxies remain hotly debated, with galaxy mergers an
oft-proposed pathway. In Ellison et al. (2022) we tested this scenario by quantifying the fraction of
recently and rapidly quenched post-starbursts (PSBs) in a sample of post-merger galaxies identified in
the Ultraviolet Near Infrared Optical Northern Survey (UNIONS). Compared with a control sample
of non-interacting galaxies, Ellison et al. (2022) found PSBs to be a factor of 30-60 more common in
the post-mergers, demonstrating that mergers can lead to quenching. However, the exact timing of
this post-merger quenching was unconstrained. Thanks to our recent development of the Multi-Model
Merger Identifier (MUMMI) neural network ensemble (Ferreira et al. 2024a,b), we are now able to
predict the time since coalescence (Tpys) for the UNIONS post-merger galaxies up to Tpys = 1.8 . L o
Gyr, allowing us to further dissect the merger sequence and measure more precisely when quenching -1 > [ DERERIN %2 [ETE I DiNAHDEELENZE
occurs. Based on a sample of 5927 z < 0.3 post-mergers identified in UNIONS, we find that the BOE B EKE O\ (TAE  OAZTH EIEE (TR
post-coalescence population evolves from one dominated by star-forming (and starbursting) galaxies - D
at 0 < T'pps < 0.16 Gyr, through to a population that is dominated by quenched galaxies by T'pps ~ yANOI=-—=c1:z)
1.5 Gyr. By combining the post-mergers with a sample of 15,831 spectroscopic galaxy pairs with
projected separations r, < 100 kpc we are able to trace the evolution of quenching during the full
merger sequence. We find a PSB excess throughout the post-merger regime, but with a clear peak
at 0.16 < T'pps < 0.48 Gyr. In this post-merger time range PSBs are more common than in control
galaxies by factors of 30-100 (depending on PSB selection method), an excess that drops sharply at
longer times since merger. We also quantify the fraction of PSBs that are mergers and find that
the majority (75 per cent) of classically selected E+A are identified as either pairs or post-mergers,
with a lower merger fraction (60 per cent) amongst PCA selected PSBs. The merger fraction of PSB
galaxies also correlates strongly with stellar mass. Taken together, our results demonstrate that 1)
galaxy-galaxy interactions can_lead to rapid post-merger quenching within 0.5 Gyr of coalescence,

2) the majority of (but not_all) PSBs at low z are linked to mergers and 3) uenchm pathway:
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SEFR Enhancements in the Post-merger phase 3

0<Tpy<0.16 Gyr 0.16 < Tpy <0.48 Gyr 0.48 < Tpy <0.96 Gyr 0.96 <Tpy <1.76 Gyr

l0g(SFR[M o /yr])

10.0 10.5 11.0 11.510.0 10.5 11.0 11.510.0 10.5 11.0 11.510.0 10.5 11.0 11.5
log(M«[Mo]) log(M«[Mo]) log(M«[Mo]) log(M«[Ms])

Figure 1. SFR vs. stellar mass of the post-merger sample. Each panel shows the distribution of SFRs and stellar masses for the corresponding time bin
in our post-merger sample in coloured points, with 0 < Tpps < 0.16 Gyr in blue, 0.16 < Tpps < 0.48 in orange, 0.48 < Tpps < 0.96 in green, and
0.96 < Tpapr < 1.76 1n red, respectively. We plot in the background as a gray 2D histogram the complete control pool of MumMmmi non-mergers to be matched to
the post-merger sample, representing the star forming main sequence. It is clear that the shortest timescales exhibit the highest positive offsets.

Z DI TDSFRORSDT : (1) Ha, (2T F > UBHIZIRAZESDDT, 4000 A T L1 2(Ca FedIRIR), (3)8ERUVAEIRR R MLH ST
D TOSFREEE L, SRTRADE(g' - r) & SFROBIFEFIFI L THIE

14




0 <Tpy <0.16 Gyr 0.16 < Tpy < 0.48 Gyr

Log SFR (Mg/yr)

%

e,

O

<

o

L

Vp)

(@)

O

J .

-2 -2 '
9 10 11 12 9 10 11 12
Log M. (Mg) Log M. (My)
Fic. 3.— Star formation rate vs. stellar mass for the four T'p,

bins in our sample. The greyscale in each panel shows the distri-
bution of SFR and M, for non-merger control pool galaxies in the
UNIONS mummi sample. Coloured points show the post-merger
galaxies. As time progresses since coalescence (i.e. increasing
Tppr) the SFR demographics evolve from a population dominated
by highly star-forming galaxies at short T'p;; towards a high frac-
tion in the green valley at intermediate times, before quenched
galaxies dominate by 1 Gyr post-merger.
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Fic. 4.— Distribution of A SFR for post-mergers in four time
bins. In each panel the grey histogram is the control sample for a
given time bin and the coloured line shows the post-mergers. At
early times, post-mergers show an excess of star-forming galaxies
and an elevated fraction of starbursts. As time progresses, the post-
merger becomes dominated first by green valley galaxies at interme-

diate times, and then by quenched galaxies by 0.98 < Tpps < 1.76
Gyr.
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Fic. 1.— The stellar mass distributions of the post-merger sam-

ple in the four Tpys time bins (blue) and matched control sample
(red dashed).

[R5 SR ICKDERRK (L, tRADOEES=IENMICKE <
59 3.] ZFERIT DIRDEDIEHLDX

0 <Tpy <0.16 Gyr 0.16 < Tpy < 0.48 Gyr

10.0 10.0
L—J PM N=559 LJ PM N=556
i 78 —. = Control N=8944 7 5 — = Control N=4448
Q
N
< 5.0 5.0
=
§ 2.5 2.5
. 00 0 0.1 0.2 0.3 U OO 0 0.1 0.2 - 0.3
0.48 < Tpy < 0.96 Gyr 0.96 < Tpy < 1.76 Gyr
10.0 10.0
—J PM N=627 —J PM N=4185
§ 75 = "= Control N=14421 7 5 = "= Control N=29295
Q
N
< 5.0 5.0
=
§ 25 2.5
0'00.0 0.1 0.2 0.3 O'OO.O 0.1 0.2 _ 0.3
Redshift Redshift

Fi1c. 2.— The redshift distributions of the post-merger sample
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Figure 2. SFR Enhancements along the merger sequence. We show the
evolution of SFR enhancements in the pair stage (left) and post-merger stage
(right). For the pairs, we use their proximity as a proxy for a time until merger,
while for post-mergers we use Mummi timescale predictions. Galaxies display
increasing enhanced SFRs with decreasing proximity with their companions,
with this effect peaking at around the time of coalesence. SFRs can be en-
hanced as much as 2x when compared to selected controls. In the post-merger
phase, these enhancements decay rapidly over a 1 Gyr time window, going
back to normal at 0.96 < Tpps < 1.76.
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Figure 3. Cumulative Mass Formed along the merger sequence. We show
how much cumulative stellar mass (current bin plus previous ones) is formed
due to the enhanced star-formation along the complete merger sequence for
all our sample. Merger-induced star-formation can form around 10° Mg by
the end of the pair phase, and 107-7% M, in total by the end of the post-merger

phase. This means that most mass formed due to enhancements from mergers
are formed during the post-merger phase.
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