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ABSTRACT

We introduce a new model for the structure and evolution of the gas in galactic discs. In
the model the gas is in vertical pressure and energy balance. Star formation feedback njects
energy and momentum, and non-axisymmetric torques prevent the gas from becoming more
than marginally gravitationally unstable. From these assumptions we derive the relationship
between galaxies” bulk properties (gas surface density, stellar content, and rotation curve) and
their star formation rates, gas velocity dispersions, and rates of radial inflow. We show that the
turbulence in discs can be powered primarily by star formation feedback, radial transport, or a
combination of the (wo. In contrast to models that omit either radial transport or star formation
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Symbol  Fiducial Value  Meaning Defining equation

Inputs to model

X . Gas surface density -
o - Stellar surface density -
e - Gas velocity dispersion (total thermal plus non-thermal) -
T E Stellar velocity dispersion -
Pd - Dark matter density -
e - Galaxy rotation curve velocity -
2 - Galaxy angular velocity -
torn = Galaxy orbital period, t,., = 27/ ,
B 0 Rotation curve index, 5 = dlnvgdinr -
fo.0 0.5 Fractional contribution of gas to ) Y
fo.P 0.5 Fractional contribution of gas self-gravity to midplane pressure 20
far - Fraction of ISM in star-forming molecular phase 30
Physics parameters
i l Minimum possible disc stability parameter i}
Pmp 1.4 Ratio of total pressure to turbulent pressure at midplane 12
n 1.5 Scaling factor for mrbulent dissipation rate 26
LoTe) 2 One plus ratio of gas to stellar ¢} 27
Dt | Fraction of velocity dispersion that is non-thermal 28
€T 0.015 Star formation efficiency per free-fall time 30
tefmax 20V Maximum star formation timescale 32
P 2 Offset between resolved and unresolved star formation law normalisations 58
Model outputs
Priiii . Minimum midplane density required to produce rotation curve 51
toarh. T - Orbital period at which galaxies switch from GMC o Toomre regime 33
Taf E Gas velocity dispersion that can be sustained by star formation alone 39
Plar - Gas surface density below which star formation alone can sustain turbulence 41

J'\},:.,; - Steady-state mass inflow rate 49
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and similarly for ().. Here x = /2(3 + 1)€ is the epicyclic fre-
quency. This expression is valid as long as (), < @).. the quasi-
spherical dark matter halo contributes negligibly to the gravita-
tional stability or instability of the system (i.e., Qa > Q.. where
(Ja 1s the dark matter (), and the ratio of vertical to radial ve-
locity dispersions for the gas and stars is = 0.5. The latter two
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2.2  Vertical Force Balance

A second ansatz of our model, following a number of authors (e.g.,
Boulares & Cox 1990; Piontek & Ostriker 2007; Koyama & Os-
triker 2009; Ostriker, McKee & Leroy 2010) is that the gas is in
vertical hydrostatic equilibrium. The spatially-averaged momen-
tum equation for a time-steady isothermal gas reads (Krumholz
2017, equation 10.9: also see Kim & Ostriker 2015b)

; (Pa (Uth +v; +v4)) — d <

> {peg=) =0 (10)

where p, 1s the gas density, oy, is the gas thermal velocity disper-
sion, v 1s the vertical velocity, v is the gas Alfvén speed, B. is
the z component of the magnetic field, g. is the vertical gravita-
tional acceleration, and we have oriented our coordinate system so
the disc midplane lies in the xy plane; the angle brackets denote av-
eraging over the area of the disc. where the area considered is small
compared to the disc scale length. but large compared to the size of
an individual molecular cloud of star-forming complex. The first
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19 ( ()“‘) 8 (13)
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where p is the total density including all components. The radial
gradient of 1 is related to the rotation curve by

2 LAy}
e ¥ (14)
g dr
and using this in the Poisson equation we obtain
99: _ — 4nGp — 2692, (15)
0z
where g. = O /0z. Integrating, we therefore have
g & f  (4nGp— 280°) d7. (16)
0

Note that, although it is tempting to approximate that 30 is con-
stant for small z, this approximation clearly fails for the common
case of a flat rotation curve, 7 = (), because @ = 0 at the mid-
plane but not above it — see Appendix C of McKee. Parravano &
Hollenbach (2015) for discussion. The weight is therefore

. = i
f <PgQ;) (iz — 2’3’7(;[ Pe [E(Z) =l _\'f ﬁﬂz dz.f:| dz
o 0 7 7G Jo

(17)
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Our model is based on the realisation that there is an alterna-
tive source of energy, radial transport. Such transport injects energy
at scales comparable to the gas scale height, which then cascades
down to become turbulent on smaller scales. Krumholz & Burkert
(2010) show that the time evolution of the gas velocity dispersion

obeys
ot - 30X, GarXy or 6y
1—3
-0 36
6rriEeo. 75 (6)

where 7T is the torque exerted by non-axisymmetric stresses, and

1 a7
ve(1+B) Ir
is the rate of inward mass accretion through the disc. There is clear
physical interpretation for equation 36. The first term on the right
hand side 1s the net effect of star formation driving (G ) and dissipa-
tion of turbulence (L), the second and third represent advection of
kinetic energy as gas moves through the disc, and the final term rep-
resents transfer of energy from the galactic gravitational potential
to the gas.

If we search for solutions where that gas is in energy equilib-
rium, dog /Ot = 0, then equation 36 implies that

M= _ (37)

2 & b = h I
o OM = 50:.M 0o, -3 s
2mr Or 2ar  Or 2qre M=L-y (38)
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Figure 2. Comparison between theoretical models predictions of the star
formation law and observation of nearby galaxies at ~ 1 kpc resolution.
Lines represent models: solid green lines are the ransport+feedback model
(equation 32), evaluated for orbital times evenly spaced in logarithm from
torh = 00 — 500 Myr, with lighter colours (toward the top) correspond-
ing to shorter orbital times. The dashed black line is the no-transport model
{equation 56}, which has no dependence on orbital tme. All models use
the fiducial parameters given in Table 1, and we compute the star-forming
molecular fraction f.; from the KMT+ model (Krumholz 2013) as in Sec-
tion 2.4.3, using a Solar-normalised metallicity Z' = 1/3, appropriate for
dwarfs and outer discs. Coloured histograms show observations: colours in-
dicate the distribution of individual pixels in the ¥, — ». plane for inner
galaxies (blue: Leroy et al. 2013) and outer galaxies and dwarfs (red: Bigiel
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Figure 7. Evolution of the ratio of gas accretion rate to disc star forma-
tion rate (top panel) and gas velocity dispersion to star formation-supported
velocity dispersion (bottom panel) as 4 function of redshift. Each line rep-
resents the evolutionary path of a particular halo, with the lightest colour
(bottom lines in the lower panel) corresponding to a halo with a present-day
mass of My, o = 1012 M, and the darkest (top lines in the lower panel)
to & halo with a present-day mass of My, o = 1013 M. Intermediate lines
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ABSTRACT

We present a detailed analysis of a Hj-rich, extremely strong intervening Damped Ly-a
Absorption system (DLA) at z,ps = 2.786 towards the quasar J0843+0221, observed with
the Ultraviolet and Visual Echelle Spectrograph on the Very Large Telescope. The to-
tal column density of molecular (resp. atomic) hydrogen is log N(H>)=21.21 + 0.02 (resp.
log N(H1)=21.82 + 0.11), making it to be the first case in quasar absorption lines studies with
H, column density as high as what is seen in PCO-selected clouds in the Milky-Way.
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Figure 1. A portion of our UVES spectrum around the DLA at z = 2.786.
The solid red line represents the fitted Ly-o profile with associated uncer-
tainty as shaded region. The red dashed line shows the reconstructed con-
inuum, which was fitted together with the H1 line profile. The measured
H1 column density is log N(Hi)=21.82 + (L11, i.e. this DLA corresponds
0 a sub-class of DLA known as extremely strong DLAs (ESDLAs, Noter-
daeme et al. 2014).
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Figure 3. Portion of our UVES spectrum of J0843+0221 around the region of Ha absorption lines from the DLA at 7 = 2.786. The red solid line shows the
total fitted profile to the J = 0 and J = | absorption lines, while green and orange dashed lines represent the contribution of the J = 0 and J = | levels,
respectively. This is the largest Ha column density DLA detected in QSO spectra.
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4.1 Metallicity and depletion pattern

For each element we determine the abundance relative to Solar
values from Asplund et al. (2009), without applying any ioniza-
tion correction (i.e. we assume all metals to be in their main ion-
ization state). This is a fairly reasonable assumption given the
large H1 column density in this DLA. Since we cannot determine
the hydrogen column density in individual components, we de-
rive gas phase abundances using the total hydrogen column density
N(H) = 21.99*0% and the total metal column densities, see Table 2.

The observed gas-phase abundances of zinc and sulphur are
usually considered as good indicators of the ISM metallicity since
these are non-refractory elements for which dust depletion correc-
tions are expected to be negligible. Their abundances. [Zn/H] =
—1.52*0% and [S/H] = —1.54"%% are indeed in very good agree-

-0.10 -0.08
ment.

Table 2. Summary of the overall gas-phase abundances

Species (X)  [X/H]

Chi ~1.86*021
Mg ~1.65*5:4
Sin = Wiyl
Su <1 sS40
Tin =191
Crn =240
Mnn -1.75%0 10
Fen -2.53+0.08
Ni 1 o gt
Znu w] St

=010
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Figure 11. Metallicity versus H1 column density in DLAs. The green and
blue circles indicate the Ha-bearing DLAs at high redshifts detected to-
wards QS0 and in GRB afterglows, respectively. The size of each circle
depends on Hs column density. The grey crosses correspond to non Hi-
bearing DLAs. The dashed black lines show constant value of Ay calcu-
lated in the assumption to fixed scale factor between metallicity and dust
abundance corresponds to the Milky-Way measurements. The shaded re-
gion reflects systematic bias due to obscuration,
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Figure 12, Measurements of the Hz excitation temperature, Ty; at different
N({H>). The grey points represent measurements in the local group (MW,
SMC and LMC). Filled circles represent measurements at 7 > 0, where the
color corresponds to the average metallicity of each associated DLA. The
measurement in the DLA towards J0843+0221 is at least a factor of two
higher than the value expected from extrapolating the trend of decreasing
Ty with increasing N(Ha).
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Figure 14, Estimated thermal pressure versus total hydrogen column den-
sity. Circles represent values derived from the C1 fine structure levels to-
gether with the Ho excitation temperature, Ty . The size of each circle cor-
responds to the Ha> column density. Squares correspond to the average val-
ues found in the local group (Milky Way, SMC and LMC). Measurement
in the DLA towards J0843+0221 1s consistent with increase of the thermal
pressures with increasing log N(H).
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UTto Takoe AKARI

The new IR fluxes presented here were obtained from the
AKARLI satellite (Murakami et al. 2007) all-sky surveys in the
MIR (central wavelengths 9 and 18 ym; Onaka et al. 2007) and
FIR (65, 90 and 140 pm; Kawada et al. 2007). For the MIR
9 and I8 pum bands, the total galaxy flux densities were ob-
tained through aperture photometry as follows. First, we ap-
plied a spatial filtering of 1.3 arcmin™! to each galaxy im-
age, to remove periodic noise. Second, we performed aperture
photometry on the all-sky diffuse maps (Doiet al. 2015; Ishi-
hara et al., in preparation), within a circular aperture of radius

Rear = V(2R.)? + (1.5Dpsp)?, where R, is the effective radius
of each galaxy in the optical B band (Cappellariet al. 2011) and
Dpsr 18 the full width at half maximum of the point spread func-
tion (PSF) of the AKARI instrument at the given wavelength
(Ishihara et al. 2010; Takita et al. 2015). The average sky level
was first measured in a circular annulus of inner radius 1.5R 5.,
and outer radius 2.5Rper, and was then subtracted from individ-




Tonbko Tam, rae ectb CO, - N30bITOK
MHQPaKpacHOro nanyvyeHua

40.5 A40.5
40.0 L L L 40.0
10.0 105 1.0 1.5 10.0 10.5 11.0 11.5
I0g{Lyc Ly 10g(Ly¢ ILg ]
415 2 435
430k - 43.0
-' & * [ ] -
_ 425 g .
g1/ 55 L] ¢ v PO
o 42.0 : "= et
€ 2 ‘ t
415 1 1
k; L4 I TR
+ ¥
g 410 ++
¥
40.5 £
40.0 1 1 1 L 40.0 1 L 1 1
10.0 10.5 11.0 11.5 10.0 10.5 11.0 11.5

bg[LK !rL"a‘iJI'Ill:I k}g[LKi-LEIJI'I.“I



Flegm

e
s
(L L]
LT

"R

[Npumep SEDoB

[ ]
(T |
REEED
Rl
o -

= -
| hs
[ g
EEE

B
[y
(o]
mmy

TR

E [

Ll |
mpm
LTl

B

B
[T |

[T 0

i I. V. :I_ 1\-\1 i l|'-\,l : i i =. -_.\" i B

e 0L M 0 0 s L
Lo Il T [f ot 1] |
|- |
a - I \‘w-fw ' .\."'\.\.\':
Ll | - by h H Byt . !

R 1 1 o s 1 L " L i

..:.:- I'\-I i by o iy :‘" II ! H\"' o "ll-\. 1 .l." | 'Il ' I""! 1 I
L i 1 ok [T | (L] [ i ] (1]

Whrardang i i



KeHHukaT-lUMmnaT ang ranaktuk
PAHHUX TUMNOB

100.000 100.000
o—  10.000 10.000
|
a
=
|
S 1.000 1.000
3
=
T 0.100 0.100
<
Q.H
oc
%
B 0.010 0.010
0.001 - i 00012 . ; :
10 1d 1¢ H?_ 1d 14 10 1d 1¢ 'iﬂ_ 1d 14
ZH1eH2Mgyn PC tep2Mgun PSS

Fig. 7. Star formation rates (PAH- and TIR-derived) versus total gas surface densities (i.e., KS law) for CO-detected galaxies. Solid black lines
and shaded grey regions show respectively the Kennicutt (1998) relation for local star-forming galaxies (with power-law index n = 1.4) and its
intrinsic scatter. Solid and dashed red lines show the best linear fits with respectively free and fixed (n = 1.4) slope. The galaxy located in the
top-right of each panel is NGC 1266, known to have strongly suppressed star formation. It was excluded from the fits.



O PPEKTUBHOCTL
3Be30000pa3oBaHNSA - MOCTOSIHHA

Mass-weighted Age [Gyr] Mass-weighted Age [Gyr]
. . 3
3.0 8.5 14.0 3.0 B.5 14.0
7 T 1 T T T T T T T T T T T T T T T T T T T T T T T T T
SF ® - 8 - & » ~
] [ - e &
B LI g0 = R Bve |
' | & T
= oLt ¥ 8 .‘*’ae & L E Q..“ e g . " ]
Z of ! ] e Y7 . _
a. s e ] [ o I..IJ‘_ L L4
L ; i @
LL . L [
w ] w
— R et L
5] ] g
o ; =
= -10F - -10F -
@
A1E ¢ 3 A1f :
PO T R N | U T T | T T W U [N TR WY TS (N R TR T n L' PR T TN T TN T T T TN NN [N TN T T
9.5 10.0 10.5 11.0 1.9 12.0 9.5 10.0 10.5 11.0 11.5 12.0
Ing(Mstar [MSUI"I]] IDQ{Mstar [Msun])



Astro-ph: 1705.10849

GALAXY MERGER CANDIDATES IN HIGH-REDSHIFT CLUSTER ENVIRONMENTS

A. G. DELanHAaYE ', T. M. A. WEBB', J. NanTa1s® A. DEGrooT’, G. WiLson®, A. Muzzin*, H. K. C. YEg’, R. ForLrz®,
A. G. NoBLe", R. DEMARCO™, A. Tuborica®, M. C. Cooper’, C. LipMan'’, S. PERLMUTTER'""?, B. Haypen'""*, K.
Boonge''"?, J. Surace"’

Draft version June 1, 2017

ABSTRACT

We compile a sample of spectroscopically- and photometrically-selected cluster galaxies from four
high-redshift galaxy clusters (1.59 < z < 1.71) from the Spitzer Adaptation of the Red-Sequence
Cluster Survey (SpARCS), and a comparison field sample selected from the UKIDSS Deep Survey.
Using near-infrared imaging from the Hubble Space Telescope we classify potential mergers involving
massive (M, > 3 x 10°M,) cluster members by eye, based on morphological properties such as tidal
distortions, double nuclei, and projected near neighbors within 20 kpe. With a catalogue of 23 spec-
troscopic and 32 photometric massive cluster members across the four clusters and 65 spectroscopic
and 26 photometric comparable field galaxies, we find that after taking into account contamination
from interlopers, 11.[)1';:“}% of the cluster members are involved in potential mergers, compared to
24.71"1:200 of the field galaxies. We see no evidence of merger enhancement in the central cluster
environment with respect to the field, suggesting that galaxy-galaxy merging is not a stronger source
of galaxy evolution in cluster environments compared to the field at these redshifts.
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) TABLE 1
CLUSTER PROPERTIES
Spec HST Exposure

Cluster ID RA Dec z Members Imaging Times
SpARCS-10225% 02:25:45.6 —03:55:17.1 1.598 8 F160W 2424s
SpARCS-J0330° 03:30:55.9 —28:42:59.5 1.626 38 F105W, F140W, F160W  10775s, 11625s, 5019s
SpARCS-J0224c02:24 :26.3 —03:23:30.8 1.633 45 F105W, F140W, F160W  7581s, 9829s, 6116s
SpARCS-J10499 10:49:22.6 +56:40:32.6 1.709 27 F105W, F160W 8543s, 9237s

A Nantais et al. (2016)
b Lidman et al. (2012)
® Muzzin et al. (2013)
4 Webb et al. (2015a)
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FiG. 1.— Examples of galaxies identified in each of the three classifications from the UDS control sample. Left panels are RGDB images
with filters F160W, F125W-+F160W, F125W with a 20 kpe radius circle overlaid, and right panels are F160W grayscale maps with surface
brightness shown as 0.5 mag arcsec™2 contours., The galaxy in the left stamp is identified as isolated, with no near neighbor within the
20 kpe radius and no significant asymmetry or distortion. The galaxy in the central stamp has a clear near neighbor within 20 kpe. The
galaxy in the right stamp shows signs of tidal distortion and strong asymmetry with no clear counterpart.
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Fia, 4.— Fraction of galaxies found under each classification for

UDS control sample and combined cluster sample. Left to right are
isolated, pairs, disturbed, combined pairs + disturbed (represent-
ing overall merger probability) and combined pairs + disturbed
after being corrected for interlopers. BErrorbars show 68% confi-
dence and were estimated assuming a binomial distribution and
utilizing the beta function.



