21.

22.

23.

Revealing a Centrally Condensed Structure in OMC-3/MMS 3 with ALMA High Res-

olution Observations

Kaho Morii, Satoko Takahashi, Masahiro N. Machida % Using the Atacama Large Millimeter /submillimeter Array
(ALMA), we investigated a peculiar millimeter source MMS 3 located in the Orion Molecular Cloud 3 (OMC-3) region in the
1.3 mm continuum, CO (J=2-1), SiO (J=5-4), C**0 (J=2-1), NoD* (J=3-2), and DCN (J=3-2) emissions. With the ALMA
high angular resolution (~0".2), we detected a very compact and highly centrally condensed continuum emission with a size of
07.45 x 07.32 (P.A.=0.22°). The peak position coincides with the locations of previously reported Spitzer /IRAC and X-ray

Principal component analysis tomography in near-infrared integral field spectroscopy
of young stellar objects. I. Revisiting tﬁe high-mass protostar W33 A

Felipe Navarete, Augusto Damineli, Joao E. Steiner, Robert D. Blum % W33A is a well-known example of a high-
mass young stellar object showing evidence of a circumstellar disc. We revisited the K-band NIFS/Gemini North observations
of the W33A protostar using principal components analysis tomography and additional post-processing routines. Our results

indicate the presence of a compact rotating disc based on the kinematics of the CO absorption features. The position-velocity
i B B BB B E BN N B =E =" B =E =B =B =B =B BB BEEEEEEEEEEEBEEEEE DD DD DD EEEEEEE

Ava Nederlander, A. Meredith Hughes, Anna J. Fehr, Kevin M. Flaherty, Kate Y. L. Su, Attila Moor, Eugene
Chiang, Sean M. Andrews, David J. Wilner, Sebastian Marino ¥ Debris disks are tenuous, dusty belts surrounding
main sequence stars generated by collisions between planetesimals. HD 206893 is one of only two stars known to host a directly
imaged brown dwarf orbiting interior to its debris ring, in this case at a projected separation of 10.4 au. Here we resolve
structure in the debris disk around HD 206893 at an angular resolution of 0.6" (24 au) and wavelength of 1.3 mm with the

_Atacama Large Millimeter /submillimeter Array (ALMA). We observe a broad disk extending from a radius of < 51 au to 1947>" }

24.

25.

26.

" Fiery Cores: Bursty and Smooth Star Formation Distributions across Galaxy Cente

Deciphering the 3-D Orion Nebula-III: Structure on the NE boundary of the Orion-S
Embedded Molecular Cloud

C. R. O’Dell, G. J. Ferland, N. P. Abel % We have extended the work of Papers I and II of this series to determine
at higher spatial resolution the properties of the embedded Orion-S Molecular Cloud that lies within the ionized cavity of the
Orion Nebula and of the thin ionized layer that lies between the Cloud and the observer. This was done using existing and new

Deciphering the 3-D Orion Nebula-IV: The HH 269 flow emerges from the Orion-S
Embedded Molecular Cloud

C. R. O’Dell, N. P. Abel, G. J. Ferland % We have extended the membership and determined the 3-D structure of the
large (0.19 pc) HH 269 sequence of shocks in the Orion Nebula. All of the components lie along a track that is highly tilted to
the plane-of-the-sky and emerge from within the Orion-S embedded molecular cloud. Their source is probably either the highly

il Dl e

IS
in Cosmological Zoom-in Simulations

Matthew E. Orr, H Perry Hatchfield, Cara Battersby, Christopher C. Hayward, Philip F. Hopkins, Andrew
Wetzel, Samantha M. Benincasa, Sarah R. Loebman, Mattia C. Sormani, Ralf S. Klessen % We present an

__analysis of the R S 1.5 kpc core regions of seven simulated Milky Way galaxies, from the FIRE-2 (Feedback in Realistic
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o3 Resolving Structure in the Debris Disk around HD 206893 with ALMA
" Ava Nederlander, A. Meredith Hughes, Anna J. Fehr, Kevin M. Flaherty, Kate Y. L. Su, Attila Moor, Eugene
Chiang, Sean M. Andrews, David J. Wilner, Sebastian Marino % Debris disks are tenuous, dusty belts surrounding

Debris disks are tenuous, dusty belts surrounding main sequence stars generated by collisions between
planetesimals. HD 206893 is one of only two stars known to host a directly imaged brown dwart orbiting
interior to its debris ring, in this case at a projected separation of 10.4 au. Here we resolve structure
in the debris disk around HD 206893 at an angular resolution of 0”6 (24 au) and wavelength of 1.3 mm
with the Atacama Large Millimeter /submillimeter Array (ALMA). We observe a broad disk extending
from a radius of < 51lau to 19472%au. We model the disk with a continuous, gapped, and double
power-law model of the surface density profile, and find strong evidence for a local minimum in the
surface density distribution near a radius of 70 au, consistent with a gap in the disk with an inner
radius of 637$. au and width 317" au. Gapped structure has been observed in four other debris disks
— essentially every other radially resolved debris disk observed with sufficient angular resolution and

sensitivity with ALMA — and could be suggestive of the presence of an additional planetary-mass

companion.
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Figure 1. (Left) Naturally weighted ALMA image of the 1.3 mm continuum emission from the HD 206893 system. (Right)
Same image with a visibility-domain taper of 200 kA applied to bring out the large-scale structure of the source. In both panels,
contour levels are [-2,2,4,6] xo, where o is the rms noise in the image: 5.5 uJybeam™' for the naturally weighted image and
6.0 uJy beam ™' for the image with the taper. The hatched ellipse in the lower left corner represents the size and orientation
of the synthesized beam: 0.71x0758 for the naturally weighted image and 0”9x1”0 for the tapered image. The star symbol
represents the pointing center of the observations, i.e., the expected position of the star including a proper motion correction,
and the dot represents the position of the brown dwarf companion directly imaged by Milli et al. (2017).
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In-depth study of moderately young but extremely red, very dusty
substellar companion HD 206893B*

P, Delormel’**? T. Schmidtg, M. Bonnefoy', S. Deside;ra3, C. Ginskif" 26 B. Charnay?, C. Lazzoni’, V. Christiaen35’23,

CNHE=RED
BHERE

Fig. 3. Residual images of HD 206893B in Y, J, H, and K bands in linear scale. The scale is identical in Y, J, and H, but is 4 times wider in K to
accommodate the brighter speckle residuals and brighter companion in the IRDIS K-band image.

Table 1. Stellar parameters of HD 206893. HAILANE DR IT

Parameter Value Ref.

V (mag) 6.69 HIPPARCOS
B-V (mag) 0.439 HIPPARCOS
V—I (mag) 0.51 HIPPARCOS
J (mag) 5.869 £ 0.023 2MASS

H (mag) 5.687 £ 0.034 2MASS

K (mag) 5.593 £ 0.021 2MASS
Parallax (mas) 24.59 + 0.26 Gaia DR1
Uy (masyr™') 94236 + 0.044 Gaia DR1
Us (masyr—1) 0.164 £ 0.031  Gaia DR1
RV (kms™) ~11.92 £ 0.32  this paper
U (kms™) —20.15 £ 0.23  this paper
V (kms™) —7.40 £ 0.15,  this paper
W (kms™) -3.40 + 0.26 this paper
Teqr (K) 6500 + 100 this paper
logg 4.45 +0.15 this paper
[Fe/H] +0.04 +£ 0.02 this paper
EW Li (mA) 28.5+7.0 this paper
A(L1) 2.38 £0.10 this paper
[Ba/Fe] 0.20 = 0.20 this paper
vsini (kms™!) 32+2 this paper
log L/ Lo —4.80 + this paper
log Ry —4.77 + this paper
Prot (d) 0.996 + 0.003 this paper
Age (Myr) 250+3°0 this paper
M. (M) 1.32 +0.02 this paper
Rgtar (Ro) 1.26 + 0.02 this paper

i (deg) 30£5 this paper
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Fig. 7. Placement of the IRDIS photometry of HD 206893B (HIP 1074
to the reddening vector caused by forsterite grains with mean size 0.5 u

parameter R = 3.1).

Methods. We conducted a follow-up of the companion with adaptive optics imaging and spectro-imaging with SPHERE, and a multi-instrument
follow-up of its host star. We obtain a R = 30 spectrum from 0.95 to 1.64 um of the companion and additional photometry at 2.11 and 2.25 um.
We carried out extensive atmosphere model fitting for the companions and the host star in order to derive their age, mass, and metallicity.
Results. We found no additional companion in the system in spite of exquisite observing conditions resulting in sensitivity to 6 My, (2 Myyp)
at 0.5” for an age of 300 Myr (50 Myr). We detect orbital motion over more than one year and characterise the possible Keplerian orbits. We
constrain the age of the system to a minimum of 50 Myr and a maximum of 700 Myr, and determine that the host-star metallicity 1s nearly solar.
The comparison of the companion spectrum and photometry to model atmospheres indicates that the companion i1s an extremely dusty late L
dwarf, with an intermediate gravity (log g ~ 4.5-5.0) which 1s compatible with the independent age estimate of the system.
Conclusions. Though our best fit corresponds to a brown dwarf of 15-30 Mjy,, aged 100-300 Myr, our analysis is also compatible with a range
of masses and ages going from a 50 Myr 12 My, planetary-mass object to a 50 Mj,, Hyades-age brown dwart. Even though this companion 1s
extremely red, we note that it 1s more probable that it has an intermediate gravity rather than the very low gravity that is often associated with very

red L dwarts. We also find that the detected companion cannot shape the observed outer debris disc, hinting that one or several additional planeta

mass objects in the system might be necessary to explain the position of the disc inner edge.
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Figure 2. Azimuthally averaged radial intensity profile of the naturally weighted image, deprojected along elliptical contours
assuming a circular geometry and an inclination to the line of sight of 45° and position angle of 60°. The blue shaded region
represents the standard error of the mean for each radial bin, where the standard deviation is calculated for all pixels within
the bin and then divided by the square root of the number of beams sampled. The size of the synthesized beam is indicated
by the gray Gaussian marked “Beam.” The 10.4 au projected separation of HD 206893 B (Milli et al. 2017) is marked with a
vertical dashed line.

S(R) = S.RP (2)

between radii of Ry, and Royut, where Y. is a normalization for the total dust mass in the disk, My (see Table 4
for definition), and p is a power law index that we initially set to a value of 1.0. While the value of p is interesting
from the perspective of debris disk evolution, there is a well-known degeneracy between p and the location of the
outer radius Ryt (see, e.g., section 4.2.2. of Ricarte et al. 2013) and our data are of sufficiently limited sensitivity

and angular resolution that we chose to focus on R, rather than p. We chose a value of 1 as a middle-of-the-road
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Ricci et al. (2015). However, we found that the double power law transition radius fell on the peak in the surface
brightness around 115 au, which meant that we were not able to evaluate whether a break in the power-law surface
density could reproduce the observed surface brightness profile as well as a disk with a gap. We therefore explored two
additional profiles: a double power-law with a radial gap, and a triple power-law with two transitional radii. All of
the models were consistent in preferring a dip in the radial surface density profile near 75 au and a peak near 115 au,
and the comparison between the latter two functional forms demonstrates that an empty gap with sharp edges yields
comparable results to a more shallow power-law inflection point and is preferred with modest statistical significance.
Table 4 presents a summary of the functional forms, surface density normalization, free parameters, and best-fit Inprob
values for each of the seven classes of models that we fit to the data. For the remainder of the paper, we focus on the
comparison between the flat disk (which ignores the local maximum and minimum of the surface density), the double
power law with a gap, and the triple power law, since the latter two were the models that best (statistically and by
eye) reproduced the features of the observations. &0&» %;% 9{7

The limits of the priors for all parameters are listed in Table For the ﬂat we used 16 walkers and ran the

Figure 3. Elliptically averaged visibility profile comparing the data (blue points) with the best-fit flat disk (red line), double
power-law with a gap (green line) and triple power-law (orange line) models. The top panel shows the real part of the Vlslblhtles

while the bottom panel shows the imaginary part of the visibilities. The visibilities have been deprojected assuming an inclinf

of 44° and a position angle of 60°, the best-fit values for the double power-law model.

04




ALMA-A=1S 48um
rq o N

AS["]

5.0 2.5 0.0 -2.5

Aal"]

. /2 . 4R . = I< =2 [ > BS
Figure 4. (Left) Naturally weighted ALMA image of the 1.3 mm continuum emission from the HD 206893 system, with a lj\:HI <91 AU; 9|\1I 194 AU (%% ODRm + AR)E> %E@%REib g G)ﬁigzmm
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(Center Right) Model image sampled at the same

taper of 200 kX applied to bring out the large-scale structure of the source.
flat disk showing the structure of the disk with a stellar flux equal to zero.

Model
Full Resolution

5.0 2.5 0.0 -2.5

Aal"]

,
'/

-5.0

Model
ALMA R

5.0 2.5

esolution

0.0 -2.5
Aa["]

, IR\esidgEI »

5.0 2.5

o

0.0

-2.5 -5.0

Aal"]

b 5. DISCUSSION

uly/beam

5.1. Disk Structure Constraints

-10

™ HEABORKE

baseline lengths and orientations as the ALMA data, showing the best-fit model without a gap in the middle of the dust disk. HE—L%HE i i"j T;T% ﬂ;(g: g% 7'—_‘_‘ - 1=
~ o LS

(Right) Residual image after subtracting the model from the data in the visibility domain. Contour levels and symbols are as

in Figure 1.

Table 3. MCMC Fitting Results

Parameter Flat Disk Double Power Law with Gap Triple Power Law
Best F'it Median Best F'it Nrearan o Best F'it Median
Rin (an) 9 < 44° 21° 35 2977,
AR(au) 155 15174 176 159 164718
Log(Maisk) (Mg) -1.66 —1.63%005 -1.61 ST -1.74 —1.7410:57
F. (nJy) 16 1975 17 1872 14 1575
PA (°) 66 63°3 60 5913 60 63"
i (°) 47 4713 45 44713 43 4715
Az (") 0.11 0.1470-07 0.16 0.117957 0.11 0.091005
Ay (") 0.05 0.04+9:9¢ 0.04 0.03+0:03 0.05 0.0619 5+
Rin.cap (an) 67 375
ARgap (au) 32
ppl -2.0 2.7 —1.2193
pp2 2.8 4.7 > 0.23
pp3 3.7 —3.0113
Rt1 97 102718 73 7113,
Rt2 113 11512
Ln prob -10733015.1 -10732991.8 -10732995.1

NOTE—* The inner radius is unresolved in the models without a gap, so the best-fit value of 9au or 21 au is
not meaningful. The upper limit of 44 au or 51 au represents the 99.7th percentile of the posterior

distribution.
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5.3. N-body Sitmulations of the Star, Brown Dwarf, and Putative Planet

Table 5. Gap Width and Depth with Varying Brown Dwarf Parameters

BD Mass (Mjup) BD Eccentricity BD Inclination(®) Gap Width (au) Gap Depth (%)

Table 6. Gap Width and Depth with Varying Planet Parameters

Planet Mass (Mg) Planet Eccentricity Planet Inclination (°) Gap Width (AU)  Gap Depth (%)

&5, 6[CE EHT=ERH S
- BBZREE= = 15 Mjup,,,,,,

B DES(OUVED)VBEE M UT=L\Z & Gapped structure DiiE
c (COBREZABDPOERR)Fvv /I, BEXREZXABEAISHELUTEZEDON? HBU\E  the system(=FiEZzHBHIE ER U TXULV? )T > THSFEK S NIZEDH?
« o RNAREITHSIEENTHRL.
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26 Fiery Cores: Bursty and Smooth Star Formation Distributions across Galaxy Centers
" in Cosmological Zoom-in Simulations

Matthew E. Orr, H Perry Hatchfield, Cara Battersby, Christopher C. Hayward, Philip F. Hopkins, Andrew

Wetzel, Samantha M. Benincasa, Sarah R. Loebman, Mattia C. Sormani, Ralf S. Klessen % We present an

analysis of the R < 1.5 kpc core regions of seven simulated Milky Way mass galaxies, from the FIRE-2 (Feedback in Realistic

(b)ZENUSMNOMERI T (&, iS5 MRBH A0 (A, EFEKREDT)
ABSTRACT

We present an analysis of the R < 1.5 kpc core regions of seven simulated Milky Way mass galaxies,
from the FIRE-2 (Feedback in Realistic Environments) cosmological zoom-in simulation suite, for a
finely sampled period (At = 2.2 Myr) of 22 Myr at z = 0, and compare them with star formation rate
(SFR) and gas surface density observations of the Milky Way’s Central Molecular Zone (CMZ). Despite
not being tuned to reproduce the detailed structure of the CMZ, we find that four of these galaxies are
consistent with CMZ observations at some point during this 22 Myr period. The galaxies presented
here are not homogeneous in their central structures, roughly dividing into two morphological classes;
(a) several of the galaxies have very asymmetric gas and SFR distributions, with intense (compact)
starbursts occurring over a period of roughly 10 Myr, and structures on highly eccentric orbits through
the CMZ, whereas (b) others have smoother gas and SFR distributions, with only slowly varying SFRs
over the period analyzed. In class (a) centers, the orbital motion of gas and star-forming complexes
across small apertures (R < 150pc, analogously |l| < 1° in the CMZ observations) contributes as much
to tracers of star formation/dense gas appearing in those apertures, as the internal evolution of those
structures does. These asymmetric/bursty galactic centers can simultaneously match CMZ gas and

SER~ebservations, demonstrating that time-varying star formation can explain the CMZ’s low star

Aaration efiglency: t1Ey =V L}BM-J»«Q [&am

Keywords: Galaxy: center, star formation, ISM, spiral, ISM: kinematics and dynamics ')7/\-_@ Y




Table 2. Physics & Numerics Explored in This Paper (and Papers II & I1I)

Sho, LS AL —23 >  ZTHEDLS

018

Physics/Numerics § Effects in FIRE-2 Simulations Guidelines / Default Choice
Resolution:
Mon. Not. R. Astron. Soc. 000, 000-000 (0000) ~ Printed 13 November 2018 (MN I&TEX style file v2.2) Mass Resolution 4.1 Most results robust after resolving the Toomre scale, some (e.g. Resolution criteria in
massive galaxy morphology) depend on resolved winds/hot gas § 4.1.3 (Eq. 5-7)
FIRE 2 S . l t. . Ph o N . . G l } Collisionless (DM/Stellar) 4.2 Irrelevant unless extremely small or very large values used, Optimal range of values
- muiations. ySICS vVersus umerics in a aXy Force Softening adaptive collisionless softenings require additional timestep limiters in § 4.2.2
. 41 123 o w4 Gas Force Softening 4.2 Forcing fixed softening generally has no effect, unless too large, Fully-adaptive softenings
Phlllp F. HOpklIlS , Andrew Wetzel = "‘, DuSan KeresS . Claude-A then fragmentation & SF are artificially suppressed (matching gas) should be used
Gi guéreS ] Eliot Quataert6, Michael B oylan—Kolchin7 : Norman Murra) Timestep Criteria 4.3 Prov.ic.led thé.lt s.tandard stability criteria are I.net, this has. no effect: Standard li@iters + Stellar (Eq. 12)
9 . . 1 1 i Additional limiters needed for stellar evolution & adaptive softening + Adaptive softening (Eq. 13)
C. Hayward”, Shea Garrison-Kimmel', Cameron Hummels', Robert —
1 . | . 5 . ) (Magneto)-Hydrodynamics:
Paul TOIT@Y ’ XlangCheng Ma ’ Daniel AngleS-AlcaZElf ’ Kung'Yl Su »  Hydro Method 5 Irrelevant for dwarfs. Important for massive galaxies with hot halos. Newer methods recommended
Denise SChl’IlitZl ; Ivanna Esc alal ; Robyn Sandersonl : Michael Y. Gr (MFMvs. SPH) SPH may suppress cooling & artificially allows clumpy winds to vent
5 1 - 12 e T 13 Artificial Pressure 6 Unimportant unless set too large, then prevents real fragmentation. Do not use with
Haten ’ Ji-Hoon Kim > Alex Fitts > James S. Bullock > Coral Wheeler “Floors” Double-counts “sub-grid” treatment of fragmentation with SF model self-gravity based SF models
Oliver D Elbert13 , Desika Narayanan14 Magnetic Fields, F Weak effects on sub-galactic scales (dense gas, morphology, turbulent ISM) See Su et al. (2017)
\TAPIR, Mailcode 350-17, California Institute of Technology, Pasadena, CA 91125, USA Conduction, Viscosity (Not studied here, but in Su et al. 2017; effects in CGM could be larger)
_ Metal Diffusion 7.2 & F  Small effects on galaxy properties & dynamics, Best practice depends
11E > FlléE | ! ! ! ! NET DA (sub-resolution mixing) but potentially important for abundance distributions of stars on numerical hydro method
< FIRE-2 ““““ 5 ] Cooling:
10 e g B E Molecular Chemistry/Cooling 7&B No effect on galaxy properties or star formation (just a tracer). May be relevant at [Z/H] << —3, can be
oF Mo Not important star formation criterion if fragmentation is resolved important for observational tracers
“© _ foanid®et e E Low-Temperature Cooling 7&B Details have no dynamical effects because 7.1 < fgyn in cold gas Some needed to form cold clouds,
E g M* .... ‘ E (T < 10*K) to opacity limit (~ 0.01 M(,)). Relevant for observables in cold phase details dynamically irrelevant
: Metal-Line Cooling 7& B Dominates cooling in metal-rich centers of “hot halos” around massive Needed: important in
;* g & (T > 10*K) galaxies, and of individual SNe blastwaves super-bubbles & “hot halos™
\O—B § Photo-Heating (Background) 7&B Significantly suppresses star formation in small (M}, < 1019 M @) dwarfs Needed: dwarfs & CGM/IGM
o 6 E Star Formation:
Lo | . -
Observed (abundance matching): - . — — — . .
5 5 Self-Gravity (Virial) Criterion 8& C Negligible effect on galaxy properties (SF is feedback-regulated). More Recommended;
= = = Moster+ 2013 accurately identifies collapsing regions in high-dynamic range situations see Appendix C for implementation
4 ®s 5 Broqk+ 201_4 - Density Threshold 8& C Negligible effect on galaxy properties (SF is feedback-regulated) Should exceed galactic mean density;
3 Al N Garrison-Kimmel+ 2016 Can be arbitrarily high with adaptive gas softenings ideally, highest resolved densities
( 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 7] °q° . . . . . .
Jeans-Instability Criterion 8 & C Negligible effect on galaxy properties (SF is feedback-regulated). Not necessary
8.5 9.0 9.5 100( 105) [ 11 ]O 11.5 12.0 125 Automatically satisfied in high-density, self-gravitating gas
lo g Mhalo M@ Self-shielding/Molecular 8& C Negligible effect on galaxy properties (SF 1s feedback-regulated). Not necessary
Figure 7. Stellar mass-halo mass relation for FIRE-2 simulations (colored “Crite.rion _ Huiomeiioally sised i gy, seitgmyiziig gis
points) at z = 0. Stellar masses and halo virial masses are defined as in Ta- Etﬂli{cnenlc }; (REFG) . B&C Il\;eg?%ﬂ).lileffect on&galaxy [zlropertles ‘(‘S Fl ° fee”dbaf.ll(—regulastle:clla). hieved " N IIIOO%Z = fn?e-f.a i
ble 1, for all resolved, uncontaminated halos (116 galaxies total; see text, at Resolution Limi artificially lowered, more dense gas “piles up” until same achieve in locally-self-gravitating gas
§ 3). Large points show the “primary” (most massive) galaxy within the Stellar Feedback:
70OMm-1n region, 1n each simulation (different point Styles). Grey triangles Continuous Mass-Loss 9& A Primarily important as a late-time fuel source for SF Couple as Appendix D.
show FIRE-1 simulations. While individual galaxies may differ in mass, (OB & AGB) Relatively wegk “primary” feec'lback effects on galactlc scales Rates given in §'A
the effects are primarily stochastic: the two agree well on average. We com- Suj)ernovae (Ia & £I) A&D Type-11I: Domlpant FB mechanism on cosmologu.:al scales. Need to account .C01.1ple as Appendix D.
pare observational estimates as labeled; black dotted lines show the obser- (“How to Couple”) Paper II  for PdVIW(.)rk if Sedov phase un—resolvegcl. Subgrid modelg should reproduce Vahdgctlor} &.co.nvgrgencg tests
vationally estimated ~ 95% intrinsic scatter (see text). Within the scatter — cxact so utlons’_ conserve mass, energy, & momentum, anc converee criteria nrapet -
d svst i At bet fits. the simulati 11 with th Radiative Feedback A&E “Smooths” SF in dwarfs (less bursty) & suppresses SF in dense gas. Need photo-heating & single-
Aid SYSIEMAtC VATTalions HEtWEEh 11s, The SIMIALONS agree Well Wi ¢ (Photo-Heating & Paper [I' UV background dominates in dwarfs. Photo-electric heating unimportant. scattering rad. pressure (Paper I

observations at all masses.

Radiation Pressure)

IR multiple-scattering effects weak, except in massive galaxy nuclei.
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RECONCILING DWARF GALAXIES WITH ACDM COSMOLOGY: SIMULATING A REALISTIC POPULATION
OF SATELLITES AROUND A MILKY WAY-MASS GALAXY

1 , N
, PHILIP F. HOPKINS ', JI-HOON KIM]’4’]O, CLAUDE-ANDRE FAUCHER-GIGUERE’ ,
DusaN KERE§6, AND ELIOT QUATAERT7

Low-mass “dwarf” galaxies represent the most significant challenges to the cold dark matter (CDM) model of
cosmological structure formation. Because these faint galaxies are (best) observed within the Local Group (LG) of
the Milky Way (MW) and Andromeda (M31), understanding their formation in such an environment 1s critical. We
present first results from the Latte Project: the Milky Way on Feedback in Realistic Environments (FIRE). This
simulation models the formation of an MW-mass galaxy to z = 0 within ACDM cosmology, including dark
matter, gas, and stars at unprecedented resolution: baryon particle mass of 7070 M, with gas kernel /softening that
adapts down to 1 pc (with a median of 25-60 pc at z = 0). Latte was simulated using the GIZMO code with a
mesh-free method for accurate hydrodynamics and the FIRE-2 model for star formation and explicit feedback
within a multi-phase interstellar medium. For the first time, Latte self-consistently resolves the spatial scales
corresponding to half-light radii of dwarf galaxies that form around an MW-mass host down to My, > 10° M.,
Latte’s population of dwarf galaxies agrees with the LG across a broad range of properties: (1) distributions of
stellar masses and stellar velocity dispersions (dynamical masses), including their joint relation; (2) the mass—
metallicity relation; and (3) diverse range of star formation histories, including their mass dependence. Thus, Latte
produces a realistic population of dwarf galaxies at M, > 10° M, that does not suffer from the “missing
satellites™ or “too big to fail” problems of small-scale structure formation. We conclude that baryonic physics can
reconcile observed dwarf galaxies with standard ACDM cosmology.
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Figure 3. Cumulative number of satellites at z = 0 above a given stellar mass (left) and stellar 3D velocity dispersion (right) in the Latte simulation (blue) and
observed around the Milky Way (MW; dashed) and Andromeda (M31; dotted), excluding the LMC, M33, and Sagittarius. For both M, and o, Latte’s satellites lie
entirely between the MW and M31, so Latte does not suffer from the “missing satellites” or “too big to fail” problems. Thin curves (right) show Ve max for a =

matter subhalos in the baryonic (light blue) and dark-matter-only (DMO; orange) simulations, demonstrating the ~3x reduction from baryonic physics.
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2. METHODS

tric heating, and radiation pressure are explicitly mod-

We analyze the central regions the seven Milky eled. These simulations do not include any supermas-
Way /Andromeda-mass spiral galaxies from the ‘stan- Mmﬁﬁmrﬁ‘ycordingly do not have ZR U TUVVIRVNRRR
dard physics’ Latte suite of FIRE-2 simulations intro- any-feedback associated with BH accretion, nor do they
duced in Wetzel et al. (2016) and Hopkins et al. (2018). include cosmic rays or other MHD physics. Detailed de-

scriptions of these physics and their implementation can

The spatially resolved properties of the gas surface den-
be found in Hopkins et al. (2018).

sities, velocity dispersions, and SFRs across the disks of
these galaxies have been studied in detail in Orr et al.
(2020). This work makes use of 11 snapshots finely
spaced in time (At ~ 2.2 Myr) at z ~ 0 for each of BFfE]5EFEE
the simulations. A brief summary of the z ~ 0 global
properties of the galaxy simulations are included in Ta-
ble 1 of Orr et al. (2020).
The simulations analyzed here all have minimum bary-
onic particle masses of my i, = 7100 My, minimum
adaptive force softening lengths <1 pc, and a 10 K gas
temperature floor. With adaptive softening lengths, we
note that the median softening length within the disk
in the runs at z = 0is h ~20—40 pc (at an ~ 1
cm™?), with the dense turbulent disk structures having
necessarily shorter softening lengths. The aperture sizes ZoRE4 AR
considered in this work are 145—500 pc!, and so are well

above the minimum resolvable scales in the simulations.
Importantly, tor discussion here: star tormation in the

simulations occurs on a free-fall time in gas which is
dense (n > 10° ¢cm ™), molecular (per the Krumholz &

Gnedin 2011 prescription), self-gravitating (viral param- B 2% B B Bt
eter air < 1) and Jeang-unstable belgv;v the resolution
scale. Once these requirements are met, the SER at the

particle scale is assumed to bd: p, = py., /tg (i.e., 100%
efficiency per free-fall time). S ar particles are treated as

ngle stellar populations, with known age, metallicity,
and mass. Feedback from supernovae, stellar mass loss
(OB/AGB-star winds), photoionization and photoelec-
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erties of our Galactic center. Within the sampie of seven
galaxies, we see two distinct classes of cextral morphol-
ogy in their fiery cores (gas and sta_ Srmation distribu-
tions within R ~ 1.5 kpc):

(a) “Asymmetric/Bursty” (m12b, ml12c, ml12f, &
ml2w): Large, asymmetric gas clouds and star-
forming complexes are seen. Star formation is

~ concentrated in intense starbursts whose feedback
dramatically shapes the local gas environment (see
m12b, upper subfigure of Fig. 1). Two simulations
falling in this category (m12b & m12f) simulta-
neously match the MW CMZ gas and SFR mea-
surements. The two others (m12c & m12w) do
not simultaneously have SFR and dense gas trac-
ers within the central 145 pc at any point in this
time window.

(b) “Smooth” (m12i, m12m, & ml2r): Gas and
star for“; is smoothly distributed within the
galactic centers, Wit clear feeding of gas into cen-
ter, and a cirrus of sty (see m12m,

as the feedback is relatively dispersed o st hel
centers. \

Interestingly, none of the galaxies here exhibit the ring
structures, presumed to be long-lived, seen by studies
of the central regions of other spiral galaxies and the
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Figure 2. SFRs and cold & dense (C&D) gas surface densities in central regions of seven FIRE-2 spiral galaxies (colored
lines; “class (a)/(b)” plotted with dashed/solid lines, respectively), for R < 500 (left column) and R < 145 pc (right column)
apertures, as a function of time near z ~ 0 (At = 2.2 Myr, rightmost edge being z = 0). Shaded bands indicate SFR and
gas surface density observations, with uncertainty, of the CMZ from Longmore et al. (2013) and Mills & Battersby (2017),
respectively. Depletion times (Xcgp/ Eé%gly ") are also presented, in the same style; these CMZ depletion times are produced
by combining Longmore et al. (2013) and Mills & Battersby (2017) data. SFRs evolve more smoothly in all galaxies in larger
apertures (R < 500 pc), and the variance in SFRs or gas surface density increases with smaller apertures. However, in the
simulations, two central molecular zone classes appear to exist on R < 145 pc scales: galaxies like m12b and m12c with very
asymmetric gas distributions and dramatic starbursts on ~ 10 Myr timescales, “class (a)”; and galaxies like m12i and m12m
typifying smoother (though still with non-trivial fluctuations) SFR and gas distributions in their centers, “class (b)” (see, m12b
and m12m in Fig. 1 as examples of classes (a) and (b), respectively). Despite temporal and spatial variance, many of the FIRE

galaxies are consistent with MW CMZ observations at some point in this time-window.
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Figure 3. KS relation in central regions of the five FIRE-2
spiral galaxies (colored lines: “asymmetric” centers plotted
with dashed lines, “smooth” centers with solid lines) that

tainty, (Longmore et al. 2013 and Mills & Battersby 2017)
plotted as horizontal and vertical shaded bands, respectively,
and spatially resolved KS observations (~ 170 pc & ~ 675,
respectively) of M51 (Blanc et al. 2009, their Xco adjusted
to be consistent with MW value) and the Antennae Galaxies
(NGC 4038/9; Bemis & Wilson 2019) plotted in greyscale
contours and with green ‘+’s, respectively. The central re-
gions of some galaxies remain fairly stable in KS-space over
22 Myr (e.g., m12m), whereas others (e.g., m12b) vary by
upwards of a dex in both SFR and Ycgp. Four FIRE galax-
ies (m12b, m12f, m12m, & m12r) overlap with the CMZ
SFR estimate at various times.
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ABSTRACT

W33A is a well-known example of a high-mass young stellar object showing evidence of a
circumstellar disc. We revisited the K-band NIFS/Gemini North observations of the W33 A
protostar using principal components analysis tomography and additional post-processing
routines. Our results indicate the presence of a compact rotating disc based on the kinematics
of the CO absorption features. The position-velocity diagram shows that the disc exhibits a
rotation curve with velocities that rapidly decrease for radii larger than 0”1 (~250 AU) from
the central source, suggesting vg__s_tr{c’___r_tureabg%s,f@»x,l-a['@es more _compact _than previously
reported, We derived a dynamical mass of 10.0™5: 12 Mg, for the “disc+protostar’ system, about
~33% smaller than previously reported, but still compatible with high-mass protostar status. A
relatively compact H, wind was identified at the base of the large-scale outflow of W33A, with
a mean visual extinction of ~63 mag. By taking advantage of supplementary near-infrared
maps, we identified at least two other point-like objects driving extended structures in the
vicinity of W33A, suggesting that multiple active protostars are located within the cloud.
The closest object (Source B) was also i1dentified in the NIFS field of view as a faint point-
like object at a projected distance of ~7,000 AU from W33A, powering extended K-band
continuum emission detected in the same field. Another source (Source C) is driving a bipolar
H, jet aligned perpendicular to the rotation axis of W33A.

Key words: methods: statistical — techniques: imaging spectroscopy — stars: protostars — stars:
pre-main sequence — ISM: jets and outflows — ISM: individual: W33A
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We reconstructed the data cube using only the first five Prin-
cipal Components which represents 99.996% of the variance and
from this data cube we derive the following conclusions:
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Figure 13. A detailed view of the disc-like structure probed by the PC3
tomogram. Top panel: The normalised variance of the tomogram is shown
in a divergent red-to-blue colour-scale. The position of the compact source
is indicated by the black contours. The red arrow and blue dashed lines
indicate the position angle of the rotation axis of the disc and its error,
respectively, estimated as PA =140 + 10°. The dashed black line shows the
direction from which the radial variance profile was extracted. Bottom: the
radial variance profile extracted along the plane of the disc. The points and
error bars correspond to the mean variance and the 1-o error of a 3-pixel
width region perpendicular to the sampled spatial direction. The dashed
vertical lines indicate the region where the absolute value of the variance is
larger than zero (|r| <072).

S CONCLUSIONS

We presented a reanalysis of the K-band NIFS/Gemini North ob-
servations of the protostar W33A, first done by D10, based on Prin-
cipal Component Analysis Tomography. The PCS technique is well
adapted to the analysis of complex data sets like the one analysed
here.

(1) The PCA tomography was able to recover the spectral and
spatial information of structures associated with the three key-
ingredients of the disc-mediated accretion scenario of the high-mass
star formation process: the cavity of the large-scale outflow probed

1onised hydrogen, a rotating disc-like structure probed by the

O tion features, and a wide-angle wind traced by_.th\ﬁg
emission, All these structures were present in the first five Principal
Components of the PCA Tomography. In addition, the technique
also reveals structures with different kinematics (e.g. the rotation
of the disc and the extended wind structure) in a much more effi-
cient way than investigating each spectral feature using traditional

methods.
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