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We investigate the relationship between star formation and gas content in lalg|
interaction phase galaxy merger Arp 299 from the VIRUS-P Investigation of the
eXtreme Environments of Starbursts (VIXENS) integral field unit (IFU) survey.
By comparing IFU Ha and Paa hydrogen recombination line and 24um data to
COJ=2—1,CO0J=3—2 HCNJ=1— 0, HCO*J =1 — 0, and HI maps,
we explore the relation between the star formation rate (SFR) and gas surface
densities on spatially resolved kpc scales. Extinction laws for a diffuse interstellar
medium (Ry= 3.1) and in molecular clouds (Ry= 5.5) are compared and we find
the latter to recover the intrinsic Ha/Pa« ratio within a factor of ~2, indicating
Ha and Paa are heavily extincted and do not reliably trace star formation. Visual
extinctions (Ay) from Ha/HB and Ha/Paa line ratios are a factor of ~10 below
Ay from CO maps. No evidence is found in our IFU data for an AGN in the
nuclear regions of IC 694 or near the X-ray confirmed AGN in the nucleus of NGC
3690, however we find high [O1]/Ha and [S11]/Ha extranuclear line ratios which
could be attributed to either a Seyfert-like ionization cone or shocked outflow
from a superwind. The system average SFRat24um) (90£10 Mg yr™t) agrees
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well with the total infrared (IR) SFR from IRAS (7745 Mg yr!), while SFR
and SFRy4,m) underestimate the total SFR by factors of ~4 and 2, respectively.
SFRs derived from Paa centered on the nuclear 1.3 kpc regions are a found to
be a factor of ~2 below that derived from SFR(ga424pm]. Comparing SFRuq) to
SEFR([fa+24um] We find Ha reliably traces star formation in the C-C’ star forming
complex and in regions north of the nuclei in the disk of IC 694. An Ha peak
to the northwest is associated with the HI peak and a stellar cluster seen in
the HST optical image suggestive of a tidal dwarf galaxy or possibly a large st@
cluster in the disk of IC 694 or externally triggered from tidally stripped material.
We explore relations between the SFRpa424pm) and molecular (SFR-Mol) gas
surface density using COJ =2 — 1 and COJ = 3 — 2 and find nuclear regions
and integrated values to lie on the SFR-Mol gas surface density seen in high-z
mergers (Daddi et al|[2010),[>~lile regions throughout the merger lie above the
high-z relation which is likely due to the choice of CO-to-Hy conversion factor.

The SFR-Dense gas surface density relation in nuclear regions agrees well with
the (Gao & Solomon! [2004b) relation for normal spirals and[|)LIRGs, however
integrated and spatially resolved points lie above this relatiomr with the differences
being the choice of HCNJ = } 0 and HCO'.J = 1 — 0 to dense gas conversion
factor. We compare Ygrr [Ho] anld Xy in extranuclear regions and find the SFR~

Hr surface density relation on 4.7 kpc scales in Arp 299 follows similar trends
seen in the outer disks of normal spirals and dwarf galaxies. The average star
formation efficiency in extranuclear regions of Arp 299 is higher by a factor of
~6 compared to spirals and dwarfs, which may indicate star formation is being
driven by turbulent motions compressing the gas to dense clumps. Using [N11]/Hao
strong line ratio, we find a mean metallicity for Arp 299 to be 12+ log(O/H) of
8.57 and see lower or diluted metallicities in the nuclear region compared to
outer regions in agreement with the merger scenario in which galaxy interaction@
drive gas from outer regions inward. Using the relation between metallicity an
CO integrated intensity, we find the a median CO-to-Hs conversion factor for
Arp 299 to be ~3.2-3.6 My pc? (K km s71)~! y>=3h lowers the dispersion in
the SFR—Mol relation and moves 1.3 kpc regions—m Arp 299 to lie in between
the Kennicutt| (1998) normal spiral and starburst and Daddi et al. (2010) high-z
SFR—gas relations. A relation between IRAS Fio/Fioo—aco and Tyusi—aico gives
a range in aco of 0.67-0.99 My, pc™? (K km s™')~!. This indicates a a Galactic
aco may be more suitable, however agg likely varies as a function of interaction
phase based on whether the system in starburst mode and region by region in
galaxy mergers.
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Subject headings: stars: formation ISM: clouds — galaxies: ISM — galaxies:

interactions — galaxies: starburst — galaxies: star formation — galaxies: indi-
vidual (Arp 299)

1. Introduction

A detailed understanding of the rate at which molecular gas is converted into stars is an
essential prerequisite for models of galaxy formation and evolution. In fact this rate, and the
parameters that cause it to vary are currently ill constrained, leading to large uncertainties
in theoretical models of galaxy formation. This presents an observational need for a robust
determination of the relation between star formation rate (SFR) and the amount of available
dense molecular gas. Our focus is to explore the evolution of the rate at which molecular
gas is converted into stars through detailed IFU spatially resolved observations of gas-rich
nearby interacting galaxies.

Measuring the spatially resolved star formation efficiency in nearby starburst/ interact-
ing galaxies has direct implication at high redshifts, where such galaxies play and increasing
role in the total SFR density (Le Floc’h et al. 2005). Recent work by |Genzel et al.| (2010)
and |Daddi et al.| (2010) found a bi-modal relationship between the SFR and gas surface
densities for high redshift merging galaxies and normal disk galaxies (Figure 3). The high
redshift mergers from |Genzel et al. (2010) lie along the same relation as Galactic low and
high mass star forming regions from Heiderman et al. (2010), suggestive that the bulk of
gas in merging systems traces star forming gas. While starburst and interacting galaxies are
a relatively rarity in the low-z universe, they are the dominant mode of star formation in
the distant universe. Understanding the physics of star formation in these systems is there-
fore paramount. This motivates the observational requirement to study the star formation
efficiency in starburst/interacting galaxies.

The idea that there should be a relation between the density of star formation and gas
density was first proposed by |Schmidt|(1959). Schmidt investigated this relation, now known
as the “Schmidt law”, assuming that it should be in the form of a power law and suggested
that the density of star formation was proportional to gas density squared. Observations
of many galaxies on global or disk-averaged scales have been fit to a power law of N =
1.4 (Kennicutt||1998)). While this relation is previously been called the“Kennicutt—Schmidt

Y

law” | we refrain from calling this a “law” and instead refer to it as a SFR—gas relation since
it is only an assumption that there is only one relation that regulates how gas forms stars.
Recently, this proposed SFR-gas relation has been studied on ~kpc scales in nearby spiral

galaxies where a deviation from the Kennicut—-Schmidt power law index is found (Bigiel et al.|
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2008; [Rahman et al.|2012)). While some work on the integrated emission SFR-gas relation
in extreme star forming environments has been done (Gao & Solomon [2004alb), such as
those in local (ultra)luminous infrared (IR) galaxies, (U)LIRGs, (Sanders & Mirabel| [1996))
there has been little work done studying the spatially resolved relation between the SFR and
gas surface densities in extreme environments such as the triggered starbursts in interacting
galaxies. The VIXENS observational program (Section will provide the required con-
straints on theoretical models for galaxy evolution as well as provide a comparison sample
to multiwavelength observational studies of high-z interacting galaxies.

On global scales, the total IR SFR correlates with gas content measured from CO lu-
minosities (e.g., Sanders & Mirabel| [1996). However, extreme star forming environments
like that in local (U)LIRGs, lie above the classical Kennicutt-Schmidt relation (Genzell
et al.2010; Daddi et al.|2010). With critical densities ~100-300 times larger than CO,
the HCNJ =1 — 0 line traces dense gas better than CO and is found to have a tighter,
linear correlation between the IR SFR over two orders of magnitude in luminosity from nor-
mal spirals to (U)LIRGs (Gao & Solomon|2004b)), as well as on smaller scales in massive

star forming regions (Wu et al.|2005). Furthermore, it has been shown that starbursting IR
luminous systems exhibit enhanced dense HCNJ = 1 — 0 gas luminosity compared to CO
gas at moderate density (Juneau et al.|2009). This may be due to the gas inflow produced
by the gravitational tidal torques into the nuclear region. Alternatively it may be due to
an increase in gas velocity dispersion during the interaction, triggering the formation of star
forming clouds with densities 210% ecm™3 (Gao & Solomon|2004a)) far outside the nuclei as
predicted in recent theoretical simulations (Bournaud et al.|2010).

Arp 299 is a nearby (<[] =0.010) infrared luminous (Lig ~ 5.1 x 10" L_; Table 2) late
interaction phase merger. This systems is composed of two main separate components 1C 694
(Arp 299 A) and NGC 3690 with two components Arp 299 B and C (Gehrz et al.|1983). Since
Arp 299 is a LIRG, we can assume most of the total bolometric luminosity is emitted in the
infrared with luminosity ratios (~Lir nac3690: LR 1c694 = 1.4 X 1011L®:2.6>< 1011L® =1:2) and
a separation of ~4.3 kpc, indicative of late interaction stage 2:1 mass ratio major merger. The
Arp 299 C-C’ component is considered a non-nuclear component as it has a dense molecular
gas concentration (Aalto et al.|[1997; |Casoli et al. [1999; Imanishi & Nakanishi [2006), but
lacks evidence for a significant potential well for it to be considered an individual galaxy as
this region does not contain a concentration of old redder stars (Alonso-Herrero et al.|[2000).
Optical and HI observations (Hibbard & Yun 1999) show that Arp 299 likely results from
a prograde- retrograde encounter as the system contains one tidal tail in both the optical

'In this paper, we assume a flat cosmology with Q,, =1 — Q) = 0.3 and Hy =70 km s~! Mpc~! and the
distance to Arp 299 is 44.1 Mpc and 1” = 214 pc.
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and HI stripped from the disk of NGC 3690, while the H1 disk of IC 694 remains relatively
intact and displays one prominent spiral arm with dust lane in the optical (Figure , Mihos
& Hernquist| [1996). The merger is estimated to have occurred ~750 Myr ago between a
gas- rich Sab-Sb galaxy (IC 694) and SBe-Sc galaxy (NGC 3690). Based on this and the
rotational speed of 240 km s~! [Hibbard & Yun| (1999) predict the system will merge in
~20-60 Myr. The age of star formation bursts in each component ranges from ~4-5 Myr
(C-Cr), ~7.5 My (B), and ~11 Myr (A) (Alonso-Herrero et al.|2000).

1.1. The VIRUS-P Investigation of the eXtreme ENvironments of Starbursts
(VIXENS) Survey

VIXENY is a large integral field unit (IFU) survey of 15 nearby IR bright (L;p >
3 x 10" L) interacting/starburst galaxies (see Heiderman et al.| (2011) for full survey de-
scription). Our sample is selected to include a full range of interaction stages (from early
stage close pairs to late stage systems with multiple nuclei), implied mass ratios of 1/3
< M;/Msy < 1/1 estimated from optical luminosity ratios, and existing ancillary data sets
including Spitzer 24um, and CO and H1 maps. In addition we have single dish line survey
of dense gas as traced by molecules such as HCN(1-0), HCO*(1-0), and HNC(1-0)from
Nobeyama 45m and IRAM 30m telescopes for the sample (Davis et al. | in prep.) , as well
as HCN(1-0) maps for a subset of our sample from CARMA (Heiderman, Davis et al. , in

prep.).

2. Observations

We use the VIRUS-P (now Mitchell Spectrograph) on the 2.7-m Harlan J. Smith tele-
scope at McDonald Observatory. The IFU has a field of view (FOV) of 1.7/ x 1.7’, and has
246 4.3" optical fibers with a 1/3 filling factor for which three dithers provide contiguous
coverage. The spectra covers the wavelength range 4555-6830A and has a mean instrumental
spectral resolution of ~5.4A FWHM or Oinst ~120.5 km s~ ! (Section . The observations
of Arp 299 were taken on May 16, 2009 with an average seeing of 1.”2. The central coordi-
nates of Arp 299 are J2000 («,d) = (11:28:28.33, 458:33:38.6) and we obtain three dithers
from the central position at (Aa, Ad) = (0”.0,0”.0), (—3".6,—2".0), and (0".0, —4".0) for
full coverage of our FOV. We obtained three 10 minute exposures on each dither position
bracketed by a 5 minute sky exposure each with a 30" off position. The spectrophotometric

Zhttp://www.as.utexas.edu/ alh/vixens.html


http://www.as.utexas.edu/~alh/vixens.html
gblancm
Highlight
Figure 3 mentioned before Figures 1 and 2

gblancm
Highlight
Is this just the relative difference in radial velocity of the two galaxies or the actual derived relative tangential speed from an orbital model of the merger? I don't understand what "rotational" speed means in a merger. Aren't they in a roughly radial orbit from each other in order to merge?

gblancm
Highlight

gblancm
Highlight
You said the merger occurred 750 Myr ago,but now you say they will merge in 20-60 Myr. Shouldn't you talk about "first passage" or "latest passage" or "final coalescence" instead of just "merge"?


-

standard star PG1708+602 was observed using a 6—point dither pattern with and exposure
time of 200 seconds each to ensure sampling of the PSF for flux calibration. Taking into ac-
count one fiber which falls off the CCD due to alignment, this gives a total of 735 individual
spectra with a spatial resolution of 4.”235 or ~900 pc at the distance of Arp 299.

2.1. IFU Data Reduction and Emission Line Flux Measurements

(A.H.- Lots of repetition in this section for reduction of VIRUS-P data compared to the
submitted Blanc et al. (2012) VENGA paper. Suggestion was to summarize and cite Blanc
et al. (2012). I am leaving this in for now to put into my dissertation, will summarize before
circulating /submitting final version.)

2.1.1. Data Reduction, Fluz Calibration, Astrometry, and Final Data Products

We provide an overview of the VIXENS IFU data reduction, astrometric calibration,
and flux calibration below. A detailed description of data reduction and flux calibration will
be included in a forthcoming paper (or rather just in dissertation). The reduction of VIXENS
IFU data is performed using the VACCINE reduction pipeline (Adams et al.2011)). Due
to the unique gimbal mount design of VIRUS-P, the instrument is kept at constant gravity,
providing negligible flexure effects on the light path to the CCD. Bias frames spanning the
entire observing run are combined and all data (arc lamp, twilight flat field, sky, and science
frames) are first overscan then bias subtracted using the combined bias frame. Cosmic ray
rejection is performed on the overscan and bias subtracted science frames using the LA—
Cosmic (van Dokkum|2001)), an algorithm based on a variation of laplacian edge detection
with an additional two pixel buffer applied. Residual cosmic rays such as those that hit the
CCD at an oblique angle will be removed when the three frames for each dither position are
combined (Section[3.1). A combined twilight flat field frame is made and then used to trace
the position of each fiber spectrum on the CCD. The solar spectrum is removed from the
master flat field by using a B—spline fit to combined neighboring fibers with similar spectral
resolution. Each fiber is then normalized by the combined spectrum and the frame is median
smoothed. The Ne+Cd arc frames are combined and the wavelength solution is initially
computed using a 4th order polynomial to 10 matched emission lines. Then, all frames are
flat fielded using the median smoothed solar spectrum subtracted master flat. The final
wavelength solution is determined by using the initial parameters determined before on the
flat fielded master arc frame, varying parameters until reaching a solution. Sky subtraction is
done in two steps: 1) since the sky brightness varies non-linearly throughout the observations,
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we determine a variable fit during the time frame for our science observations as a function of
wavelength and 2) the before and after sky frames corrected for this variate for each science
exposure are averaged before background subtracting science frames. To perform the first
step, we rebin spectra over our science frames (both of Arp 299 and our spectrophotometric
standard PG1708+602) into 500 A bins and measure the median value per bin. A cubic-spline
fit to the median rebinned spectra over the time span of our observations were performed to
obtain a correction factor to the sky frames. A 5th order polynomial fit to these correction
factors as a function of wavelength is determined and sky frames are multiplied by this
smooth function to obtain final sky frames. We then perform the second step, averaging
the before and after corrected sky frames and use these to background subtract our science
frames. The initial astrometric calibration is performed using guide camera pointing that
is offset by ~ 9" North of the IFU field which images a 4.5 x 4.5 FOV positioned on
the corresponding pixel coordinates of a guide star. We determine our final astrometry as
discussed below.

Observations of spectrophotometric standard PG17084+602 (Massey et al. |1988) are
used to perform relative flux calibration as a function of wavelength for the Arp 299 IFU
data. Since the IFU only samples a portion of the standard star’s PSF, we observe in an
overlapping 6—point dither pattern to fully sample the PSF and recover the star’s total flux.
The centroid position is calculated by taking the first order moment or the weighted average
of the fiber fluxes as a function of position, which is used to reconstruct the shape of the
PSF. The reconstructed PSF is fit to a Moffat profile which gives the total lux measured in
each of the fibers. Each spectrum was normalized by the fraction of total flux sampled and
an average value above 50 was used to determine the total instrumental spectrum. The total
spectrum was corrected for atmospheric extinction measured at McDonald Observatory as
a function of wavelength and the spectrum of PG1708+-602 from Massey et al. (1988) was
used to determine our relative flux calibration. We estimate the systematic uncertainty
in our relative flux calibration during these observations to be 3.6% by normalizing and
averaging derived flux calibration curves as a function of wavelength for the four standard
stars obtained during the same VIXENS May 2009 observing run. We use this average flux
calibration curves over the entire observing run for our relative flux calibration for Arp 299.

We perform absolute flux calibration and final astrometry using a cross-correlation be-
tween a reconstructed broad-band image of Arp 299 from our IFU data with an SDSS-III
DRS8 r—band image mosaid], We measure the monochromatic flux at the effective wave-
length of the r—band filter by integrate each fiber’s spectrum over the corresponding SDSS

3http://data.sdss3.org/mosaics
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transmission curve. The r—band image is simultaneously convolved with a Gaussian ker-
nel to match the PSF plus seeing of our observations and fiber size aperture photometry
is performed at each fiber position as determined in our initial astrometric calibration. We
then fit a linear relation (F,_pang =NXFgpe+B) to the atmospheric extinction corrected IFU
fluxes (Fper) at the airmass of our observations with fluxes from our photometry (F, _pana)
to recover a normalization factor (N) and residual background (B) for our absolute flux cali-
bration. The mean fit parameters for our three dithers on Arp 299 are (N) = 1.1£0.001 and
(B) =594+2x 107" erg s7' em™2 A~! which is a factor of 50 smaller than the continuum
level of the average spectrum (~ 3 x 10717 erg s~' ecm~2 A=), so sky subtraction residuals
are minimal.

Since systematic offsets were found in astrometry between identical pointings over dif-
ferent observations with the largest variations found over different observing runs (Adams
et al.|2011), we determine our final astrometry calibration using the SDSS r—band image.
To determine and correct for astrometric offsets, we vary the initial astrometry in both RA
and DEC by small amounts (ARA and ADEC) simultaneously during our fit for the ab-
solute flux calibration until a minimum x? is reached for the fit. The average astrometric
offsets for the three dither positions for our observations are (ARA) = 3”.3 £ 0.03 and
(ADEC) = 1".6 £ 0.03, which is within the IFU fiber size. We use the corrected registered
coordinates from this procedure as the final astrometry for the Arp 299 data.

2.2. Ancillary Data
2.2.1. Molecular Gas Maps

We use 12COJ =2 — 1 and *COJ = 3 — 2 maps from the Luminous IR Galaxies Sub-
millimeter Array (SMA) Survey (Wilson et al.|2008) which were corrected for short spacings
using the James Clerk Maxwell Telescope (JCMT) (Sliwa et al.2012) and HCNJ =1 — 0
and HCO"™J = 1 — 0 maps from Imanishi & Nakanishi (2006) to derive molecular gas masses.
The beam sizes for COJ =2 — 1 and C)J =3 — 2 are 3”.0 x 1”.8 and 2”.2 x 1".9, respec-
tively and 4”.2 x 3”.8 for the HCN(1-0) and HCO™(1-0) maps. The 1-0,,s noise in each
map are 1.7 and 3.5 Jy beam™! km s7! for COJ = 2 — land COJ = 3 — 2 corresponding
to a molecular gas surface density (X)) of 4.1 and 4.8 My pc—?(see Section . The
HCNJ =1 — 0 and HCO'*J =1 — 0 maps have a 1-0,,s noise level of 545 mJy beam™!
km s~! corresponding to a Spense of ~36 Mg, pe?(Section [3.2).
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2.3. Neutral Hydrogen Map

We use the Very Large Array (VLA) neutral hydrogen (H1) combined C+D array con-
figuration map from |Hibbard & Yun| (1999) with a robust weighting of 1 and a beam size of
22" % 20" (4.7x4.3 kpc). The 1-0.s noise per 10.5 km s~! channel in the HI map is 0.30 mJy
beam ! which corresponds to a HI gas surface density (Sm;) of 0.09 Mg pe=?(Section [3.2)).

2.3.1. Spitzer 24um Data

We obtain the Spitzer MIPS 24um image of Arp 299 directly from the Spitzer Heritage
Archive (P.I. Giovanni Fazio, unpublished). The FWHM of the MIPS PSF at 24um is 6”.
Flux outside of this beam is non-Gaussian, however we only consider flux measurements
that lay inner to the first Airy ring so this is a minor concern. To obtain our science image,
we set the edges of the Post-Basic Calibrated Data map to zero and fit a plane to the to
subtract the background under the assumption this will subtracts both the contribution from
zodiacal light and diffuse emission from the Milky Way. The 24 pym image is saturated in
nuclear regions (Figure [3) and thus will treat the saturated flux measurements as a lower
limit (Section [f]).

2.8.2. HST NICMOS Paa Data

The nuclear regions of Arp 299 were imaged by HST NICMOS 2 by [Alonso-Herrero
et al.| (2000). F190N continuum subtracted F187N Paa images of IC 694 and NGC 3690
were kindly provided by those authors. These images have a FOV of 19”.5 x 19”.5 each and
a plate scale of 0”.076 pixel™! (Figure . The data reduction, calibration, and continuum
subtraction are described in |Alonso-Herrero et al. (2000) and references therein.

3. Data Analysis
3.1. Emission Line Flux Measurements

Before we measure emission lines from our calibrated data we first extract the fiber
fluxes and combine the three data frames for each dither into a multidimensional row stacked
spectrum (RSS) Flexible Image Transportation System (FITS) files. Our final RSS FITS
file includes: 1) flux (Fx()\)) in units of erg s™' cm™2 A~' and corresponding error in flux
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as a function of wavelength, 2) the wavelength at each pixel center, 3) the J2000 Right
Ascension and Declination in units of degrees, and 4) the instrumental FWHM as a function
of wavelength. To calculate F()), the data is regridded into 1.1A bins and flux in each fiber
as a function of wavelength is computed from the weighted average of the calibrated data in
an aperture of five pixels is given by the relation:

P = Sz, )

where w; are the weights and are the inverse of the errors from VACCINE squared
(w; = 1/0?). We make a 30 cut to remove any residual cosmic rays and mask fluxes and
the coordinates are from the final astrometry calibration discussed in Section [2.1 The
instrumental spectral resolution as a function of wavelength for each fiber is determined
from performing a Gaussian fit to the unblended emission lines in the combined arc lamp
frame and then fitting a second order polynomial fit to the FWHM from the Gaussian fits as
a function of wavelength. The final instrumental spectral resolution has a range of 4.4-6.1A
with a mean of ~5.4A FWHM (0ins ~120.5 km s~1).

Emission line fluxes are measured using GANDALF software developed by [Sarzi et al.
(2006). Empirical stellar templates from version 9.1 of the MILES stellar library (Sanchez-
Blazquez et al.2006; [Falcon-Barroso et al.2011) are used. We use a subset of the MILES
library containing 72 stars that span a range in luminosity classes (I-V), spectral types (O—
M), metallicities (—2 <[Fe/H]<1.5), and include horizontal giant branch and asymptotic
giant branch stars. The templates and data are convolved using a changing Gaussian kernel
with a FWHM equal to the highest instrumental resolution of the data, oyg=149 km s~!.
We first mask regions around bright night sky lines that have high residuals from our sky
subtraction and use GANDALF to fit the full spectrum of each fiber including the emission
lines. In order to more accurately measure emission lines at low S/N, we tie the kinematics of
all emission lines to a common gas velocity and dispersion of the Ha the brightest emission
line in the spectrum and perform a simultaneous kinematic fit to all lines. The stellar
kinematics are measured using the Penalized Pixel-Fitting method, pPXF, (Cappellari &
Emsellem [2004)) and the details of the kinematic measurements are beyond the scope of this
paper and are discussed in detail in (Heiderman et al. | in prep.). A secondary fit it then
performed by GANDALF in which is recomputes weights given to stellar templates from the
pPXF kinematics solution while modeling emission lines using Gaussian profiles. Figures
and [2[ show an example of the observed and fit spectrum for both a fiber with a lowS/N as
determined using the A/N criteria (Sarzi et al|2006] Section []) of 7 and a high A/N of 100.
The observed spectrum and 1o uncertainties are shown in black and the green envelope,
respectively. The best fit stellar plus emission line spectrum is shown by the red solid line
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and the dotted blue line shows the stellar component of the fit without the emission lines.
The vertical green bands are masked regions around sky line residuals.

We derived errors in emission line fluxes by running a Monte Carlo emission line flux
simulation assuming errors in line amplitude, velocity, and velocity dispersion are uncorre-
lated. Since the measurement of the other emission lines are tied to the Ha kinematics,
GANDALF provides errors in only the Ha emission line flux, velocity, and velocity disper-
sion. For all other emission lines, GANDALF only outputs emission line amplitudes and
associated errors as well as the velocity and velocity dispersion. For each emission line, we
use these line amplitudes, errors in line amplitudes and the Ha line velocity and dispersion
errors combined with the instrumental spectral resolution (oi,:=149 km s!) to compute
simulated emission line fluxes in a Gaussian profile for 100 realizations. To obtain our emis-
sion line flux errors, we compute the standard deviation of Gaussian distribution for the 100
simulated emission line fluxes. Table ?? (to be made) is a list of all measured emission line
parameters.

3.2. Molecular Gas Surface Density Measurements

We derive molecular hydrogen (Hs) gas surface densities from the maps of CO J =2 — 1
and J =3 — 2, made with the SMA and corrected for short spacings with data from the
JCMT (Sliwa et al.[2012) (Section [2.2.1]).

These integrated intensities are first put on the scale of the integrated intensity of the
J=1-=0 line (/(CO)) in K km s™'. by assuming a constant ratio R;; =CO(J = i —
i—1)/CO(J =j — j—1). Sliwa et al. (2012) find the following average values over their
maps: Ry = 1.4+ 0.08, and R3; = 0.95 = 0.09.

The mass surface density is then

1(CO) )
EH2 = aco X Rij X <m) (M® pc 2) (2)

where aco is a conversion factor to surface density from the integrated intensity of CO
J=1-=0. For local clouds in the Milky Way, aco = 3.6 Mg pc ?(K km s™1)~! but
centers of galaxies, including the Milky Way, have evidence for values lower by factors of
3 to 10. Based on LVG models of their CO and *CO data, Sliwa et al., (2012) find a
best match for aco = 0.4 £ 0.3 My pc?(K km s71)~1. This value is consistent with the
values of aco = 0.35 — 0.42 Mg, pc?(K km s7')~! found by Papadopoulos et al.| (2012) for
Arp 299, using LVG models of single-dish data (check) including higher J lines of CO and
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lines of HCN. Since the resulting molecular mass (1-1.2x10° M) using this range of aco
values would imply a star formation rate per unit gas mass above the usual maximum value,
Papadopoulos et al.| (2012)) suggest that higher values of aco remain possible if most of the
gas is in dense gas structures that are forming stars with maximum efficiency.

We will adopt the value of aco = 0.40+0.3 Mg, pc?(K km s7!)~! However we consider
the possibility of higher values in Section [7.6.1] An additional factor of 1.37 to include
helium was applied to our gas surface density measurements resulting in >y, = 1.37ZH2.
As discussed by Kennicutt & Evans (2012)) these simple conversion factors can hide a great
deal of uncertainty and variability from place to place in a galaxy:.

We also consider dense gas tracers, in particular, the J = 1 — 0 transitions of HCO™ (1-
0) and HCN(1-0). These transitions have critical densities that are roughly 100-300 times
larger than those of CO for Tk = 100 K. The critical density (e.g., 2.7 x 10 cm ™ for HCN
J=1—0at Tx = 100 K) will greatly overestimate the actual density. For example, to
produce a radiation temperature for HCN J =1 — 0 of 1 K at Tx = 100 K in a resolved
region with typical column density, an effective density (for definition and examples, see
Evans||1999; Reiter et al[2011) of 6.0 x 103 cm ™ will suffice. However, the same argument
applies to CO, with the result that the ratio of effective densities is also 300 to 1000.

Dense molecular gas surface densities were calculated using the relation:

I(Dense) _
YDense = ODense <m) (M@ pc 2) (3)

where I(Dense) is the integrated intensity of a tracer of denser gas and apense iS a
conversion factor parallel to acg. From a study of dense clumps in the Milky Way, Wu et al.
(2010) found

log(Lucn(i—0)) = 1.04 x log( My (Rucn(i—0))) — 1.35, (4)

where Lucn—o) is the HCN(1-0) line luminosity and My, is the virial mass inside the radial
distribution. This relation would suggest a value of apense ~ 20 Mg pc™?(K km s71)71. A
commonly used value for extragalactic studies is apense = 10 Mg pc™2(K km s71)~! (Gao
& Solomon| |2004b; |Garcia-Burillo et al. 2012). These simple conversions are subject to the
same caveats that apply to aco, as discussed in detail by Papadopoulos et al.| (2012) and
Garcia-Burillo et al.| (2012)).

Observations by Imanishi & Nakanishi| (2006) with a 472 by 3”8 beam, using the Nobeyama
Millimeter Array show strong HCN and HCO™ emission toward component A, and weaker
emission by both toward component C, but only rather weak HCO™' emission toward com-
ponent B1. While (Gracia-Carpio et al| (2006) have argued that X-rays from AGN enhance
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the HCN emission, Imanishi & Nakanishi (2006) show that all the HCN/HCOT ratios in
Arp 299, even those toward the AGN in component B, are consistent with starburst ratios,
suggesting that the large quantity of dense gas may mitigate any effects from X-rays.

From the maps in Sliwa et al.| (2012) and Imanishi & Nakanishi (2006), kindly supplied
by those authors, we computed line luminosities and mean line intensities in circular aper-
tures of 47235 diameter (corresponding to 0.9 kpc) around components A, B1, C and C'. If
we use apense = 10 Mg pc™2/(K km s71) for both HCN and HCO™ emission, the resulting
Mpense = 3.7 x 108 M, for HCN and 4.6 x 108 Mg, for HCO™ in component A, exceeds the
total molecular mass from CO of 3 — 3.6 x 10® M, indicating that apense is lower for the
same kind of reasons that aco appears to be lower. Alternatively, aco may be higher that
we assumed, which would allow a higher value of apepge-

We adopt values of aco = 0.4+0.3, with a correction of 1.37 for He, and apense = 51+2.5
(assuming a 50% error in apense) for further analysis. As a result, the mean mass surface
densities in a 47235 diameter aperture centered on region A are Xy, = 460 — 560 M, pc2
for CO J =2 — 1 and J =3 — 2, respectively, and Ypense < 289 — 358 M, pc~2 for HCN
and HCO™, respectively (Table . Masses and surface densities for the other regions are
lower, with ¥y, lower by factors of 3-4. HCN is only clearly detected outside region A for
region C; however all three components show clear detections in maps with more sensitivity
(Casoli et al.||1999).

Since the molecular gas maps only reliably cover the central regions of Arp 299 with
significant 230 detections, we use the neutral hydrogen (Hr) map of Arp 299 from Hibbard
& Yun! (1999) (Section to measure atomic hydrogen gas surface densities outside the
nuclear regions. >yis calculated from the integrated H1 brightness temperature including a
factor of 1.37 for helium using the relation:

I(Hr
S = 1.99 x 1072 (#) (M, pc™?) (5)

The Hr1 distribution is likely associated with the disk of IC 694 as the Hr (Hibbard &
Yun! (1999), their Figure 3) and Ha kinematics from our IFU data (Figures {4] and |5 are
consistent. However, there is a disassociated peak in Ha velocity near the HI peak in the
southeast. The central region of Arp 299 is seen in HI absorption against all the nuclear
continuum sources, A, B1, C, and C' (Baan & Haschick|[1990)) with an estimated integrated
Y~8-16 Mg, pc~? (Hibbard & Yun|1999). The H1 absorption is found to have both a broad
and narrow component at the systemic velocities of IC 694 and NGC 3690, respectively and
Baan & Haschick (1990) conclude that the absorbed HI originates from the outer disks of
IC 694 and NGC 3690. Since this material is not associated with the nuclear regions where
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we have CO, HCN, and HCO™ coverage, we do not include it in our analysis.

4. Extinction

The observed line flux ratio of two lines (e.g., Ha and Hf) can be used to deter-
mine the foreground extinction that the lines suffer if we know the intrinsic ratio of those
lines (Fyy,/FH B)int and the ratio of total to selective extinction for those lines, Ry, =
Ao /E(B — a) = k(Ha)/(k(Ha) — x(HB), where x(He) is the opacity at the wavelength of
Ha.

AHa = E(ﬁ — Oé)RHa

) (2

FHB obs FHB int
r(Ha)

() =) 0

A similar equation applies for the ratio of Paa to He, with Rp,, = k(Paa)/(k(Paa)—r(Ha).

= —2.5log X

Since the nebular conditions in starburst galaxies are well constrained to have electron
densities of n, ~ 5x102—5x10% cm™2) and low temperatures, T, ~ 5x10® K (Roy et al.|[2008
and references therein), the range of case B recombination line intensities is small. We adopt
intrinsic Ho/HS and Ha/Paa flux ratios of 3.00 and 7.58, respectively for a temperature of
5x%10% K and a density of 10* ecm ™2 from [Osterbrock & Ferland| (2006)).

Galactic extinction laws (Draine 2003) vary with density and Ry increases from 3.1
in the diffuse interstellar medium to something similar to Ry = 5.5 in molecular clouds.
Because the overall extinction is high in Arp 299, we apply both extinction laws to see how
much difference they make. Using values of x from the online tabled’ we find Ry, = 1.997
for Ry = 3.1 and Ry, = 2.841 for Ry = 5.5. For Paa, Rp,, = 0.236 for Ry = 3.1 and
Rpaa = 0.212 for RV = 5.5.

Over the smaller (19’5 by 1975) region with Paa data, we can compute extinctions
from comparing Paa to Hey, using the data from |Alonso-Herrero et al.| (2000) described in
Section [2.3.2 We linearly interpolate the Ha IFU data on to a grid with a pixel scale of
0.5”, we convolve the higher resolution NICMOS image to match the fiber sized Gaussian

4Available at http://www.astro.princeton.edu/ draine/dust/dust.html
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FWHM and use fiber sized apertures diameter of 47235 (0.9 kpc) to measure the line fluxes
from our Ha map and the Paa image.

In Figures [6] and [7, we show the Ha flux after extinction correction using the Balmer
decrement versus extinction-corrected Paa flux, using the Hay/Paa line ratio and a histogram
of the ratios of the extinction-corrected Ha fluxes and Paa fluxes. We also show Paa contours
(vellow) overlaid on our Ho IFU map (red) in Figure [3] The black dashed line indicates the
intrinsic Hao/Pac line ratio of 7.58 from case B recombination theory for a typical starburst
galaxy as discussed above. Values for the four densest concentrations of star formation, A,
B1, C, and C’ are used as test cases. Since the Paa image could not be registered properly
(Alonso-Herrero et al. 2000), we choose apertures centered on the Paa peaks of A, B1, and
C (Figure . We could not determine the Paa peak reliably to C’, so we do not include a
measurement of that region. Correcting for extinction using Ry = 5.5 works substantially
better, yielding a mean ratio of 3.8 for extinction corrected Ha to extinction corrected Pac,
while Ry = 3.1 gives a mean ratio of 2.7. These values are factors of ~2 and 3 below the
intrinsic Ho/Paa line ratio for Ry of 5.5 and 3.1, respectively. However, even with Ry = 5.5,
in three dense regions of star formation lie well below the expected ratio, indicating that
neither the Ha or Paa line reliably trace all of the star formation.

We can compare the extinctions from the recombination lines to other estimates. For
convenience, we refer extinctions in the V-band. For Ry = 3.1, Ay /Ay, = 1.552 versus
1.94 for Ry = 5.5. For the nuclear regions A, B1, C, and C’ using the Balmer decrement and
Ry=5.5, Ay is 1.3, 1.2, 0.78, 0.66 mag and using the Ha to Paa line ratio for A, B1, and C,
Ay is 2.3, 1.6, and 1.4 mag. Using the gas surface densities from Section [3.2] and the
(2003) Ry= 5.5 extinction law, we would predict a total extinction in the visible for the
four regions of Ay = 29, 11, 7.9, and 6.9 mag for A, B1, C, and C’, respectively. Figures
and [9 show the spatial distribution and histogram of Ay from the Balmer decrement fiber
measurements. Figure shows the fiber to fiber extinction corrected Ha map using the
Draine (2003) Ry = 5.5 extinction law.

5. Star Formation Rates and Surface Density Measurements

We use star formation calibrations from Murphy et al. (2011) to derive SFRs with a
consistent Kroupa (Kroupa|2001) IMF. The Ha based SFR (SFRjuq)) is calculated using the
extinction corrected Ha line flux from Section 4] by the following equation:

SFR [Ha] (M, yr™') = 5.37 x 10 * Ly, cor (erg s~ ). (7)
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Assuming an intrinsic Ho/Pacar line ratio of 7.58, we convert the SFR 4 from Murphy
et al.| (2011)) into a Pace SFR (SFRpaq)) by the following relation:

SFR [Paa] (M, yr ') = 4.07 x 10" Lpaq, cor (erg s ). (8)

We compute the 24um based SFR using the formula:

SFR [24pm] (M, yr~") = 5.58 x 107*°vL,, 24pm (erg s™'). (9)

Since we find Ha and Paa do not reliably trace all the star formation (Section {4)), we
will also use the 24um corrected observed Ha flux plus the 24pm to derive the SFRna4-24ym),
accounting for the obscured and unobscured star formation using the equation:

SFR [Ha + 24pm] (M, yr~') = 5.37 X 102 [Liga,obs + 0.031 Loy, (ergs ™). (10)

We calculate the SFR surface density of each SFR tracer using the relation:

Sepn [tracer] = SR TACCI] g oy (11)
Akpc ©

where tracer is either Ha, Pac, or Ha+24pm and Ay, is the area of the measurement
aperture in kpc. We measure the SFR surface densities using SFR{, and SFRpaq) using
apertures on fiber sized scales of 4”7.235 (0.9 kpc). For the 24um SFR prescriptions we are
limited to the FWHM of the 24um PSF which is 6” (1.3 kpc) and thus we derive SFR{p4m)
and SFRgq+24,m) surface densities on this scale. We show measurements for the nuclear star

forming regions of Arp 299 in Table [T and discuss the results in Section [7]

6. Active Galactic Nuclei Activity in Arp 299

Since our goal is to investigate the star formation activity in Arp 299, we must first
disentangle any contribution from an AGN component in the nuclear regions. The difficult
aspect of separating a starburst region from an AGN in a LIRG is that the concentration
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of gas and dust fueling the central energy source typically obscure the AGN. Methods to
investigate the presence of an buried AGN typically require 1) hard X-ray band (F > 2
keV) measurements where the AGN spectral signature of Fe-Ka lines appear and the AGN
emits stronger at this wavelength than a starburst, 2) millimeter interferometric observations
that look for chemical signatures, and 3) infrared spectroscopy. We can however use our
extinction corrected IFU optical emission line fluxes to explore Baldwin-Phillips-Terlevich
(BPT) diagrams (Baldwin et al.|[1981) and classify the dominate energy sources in IC 694
and NGC 3690 on a fiber-by-fiber basis and compare that to previous studies.

Using the [Om1] /HB and [N11]/Ha emission line fluxes, |Coziol et al.| (1998)) showed that
IC 694 can be classified as a pure starburst, while NGC 3690 showed properties that border
starburst and liner classification. |Garcia-Marin et al.| (2006) used integral field spectroscopy
and separated IC 694 and NGC 3690 into nuclear components A and B, respectively, as well
as an interface region C between the nuclei. They found that the nucleus B of NGC 3690
showed clear signs of an AGN with a mix of starburst and liner-like ionization surrounding
the nucleus. Nucleus A in IC 694, however, was found to be starburst dominated and
surrounded by liner-like ionization.

X-ray observations from the BeppoSAX satellite (Della Ceca et al.[2002)) showed the
presence of a highly obscured (Ng ~ 2.5 x 10?cm™2) AGN in Arp 299, however the spatial
location remained unresolved. Later X M M — Newton(Ballo et al.|2004) and high resolution
Chandra (Zezas et al|2003) observations showed the clear presence AGN in the nuclear
region B1 of NGC 3690 and recovered positional coordinates. Evidence remains ambiguous,
however, that central power source in nuclear region of 1C 694 is an AGN. Observations
indicate the possibility of an obscured (Ng < 10?2¢m™2) low luminosity (Lx ~ 10*ergs™!)
AGN surrounded by a strong nuclear starburst in IC 694, however this may be due to
integrated emission from X-ray binaries combined with a thermal component.

Infrared imaging (Gallais et al.|[2004| and references therein) and spectroscopy (Gallais
et al.[2004; Imanishi & Nakanishi/2006)), as well as interferometric observations (Imanishi &
Nakanishi 2006 of Arp 299 to investigate the presence of a buried AGN. These studies find
NGC 3690 nuclear region clearly harbor a dust enshrouded AGN, however no clear AGN
signatures from the nuclear region of IC 694 was seen and evidence points to a pure nuclear
starburst as the dominant energy source.

BPT diagnostic diagrams for extinction corrected line ratios in Arp 299 are shown in
Figures[1IH13] These diagrams show the relative strengths of emission lines to determine the
nebular conditions, either photoionization dominated by star formation or photoionization
dominated by a hard radiation field from an accretion disk of a central AGN. We select
fibers based on the Kewley et al.| (2001)) extreme starburst criteria (red solid line and hashed
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diagonal line region) where AGN dominated fibers lie above that criteria and starburst/Hir
region dominated fibers lie below. To make a S/N cut, we use the line amplitude—to—noise
ratio (A/N > 4) as defined in Sarzi et al| (2006). We checked individual spectra by eye
for the [O111] (6300A) line which is red shifted near a bright sky line at 6363.78A and for
[S1](A6717A+X6731A), which lies near the edge of the VIRUS-P chip and in some fibers
falls completely outside the chip. For the 121 fibers that contained both [S11] lines, we found
a mean ratio of [SH]A6731A/[SH]A6717Aof 0.7440.09 and applied it to the 332 fibers that
contained only the strongest [Si] (6717A) line. The top panels in Figures show the
points selected from our criteria and the bottom panels show the position of fibers on flux
map. The Kewley et al| (2006 Seyfert-LINER line is shown by the blue solid and dashed
lines on the [Om1] /HS versus [Su]/Ha and [O111] /HE versus [O1]/Ha BPT diagrams. The
integrated line ratios for the whole system are shown as yellow stars. Points that lie above
the Kewley et al. (2001) starburst criteria are shown as solid stars. The hard (E > 2 keV)
Chandra X-ray centroid position for the confirmed AGN in NGC 3690 is marked by a thick
cross in the right panels in Figures[11H13] Four fiber regions around this centroid that might
be contaminated that lie within the hard X-ray region, a 6” radius of the X-ray centroid, are
also indicated by crosses.

We find 164 extra nuclear regions that lie above the Kewley et al.| (2001) starburst
criteria in at least two of the the [Om1] /HS versus [Su]/Ha and [O111] /HS versus [O1]/Ha
BPT diagrams and those points are outlined with boxes in Figures [I1H13, Four fibers that
show clear Seyfert-like ionization in three BPT diagrams are shown as white stars. Two of
these regions lie far from the nuclear regions have low A/N ~4-10 and low S/N ~3-7 as
defined by the line flux over the error in line flux so low we discount these regions as AGN
contaminated. The AGN selected fibers are denoted by stars in all three BPT diagrams
and lie near, but on opposites sides of the X-ray centroid in NGC 3690 and are likely a
signature of photoionization of the extranuclear interstellar gas by the central AGN or a
shocked outflow from a starburst superwind (Heckman et al.[[1999). A Seyfert-like ionization
cone located below the nuclear region of NGC 3690 was first reported by |Garcia-Marin et al.
(2006)) using integral field spectroscopy, however their data did not cover the region of high
ionization above the nucleus so they only saw high line fluxes below the nuclear region in
NGC 3690. The other possibility is that the interstellar gas, especially the regions that
aren’t Seyfert-like, are being heated by photoionization by massive stars. Many regions
that lie outside >3kpc from the nuclear regions show a high [O1]/Haand [Su]/Ha ratios
which could also be explained by a large population of Wolf-Rayet (W-R) stars that are a
signature of recent star formation. W-R stars have higher effective temperatures than OB
stars and provide more hard energy photons for excitation of the interstellar gas. Another
possibility are cooling shocks (Dopita & Sutherland [1995). These shocks would naturally
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form outside of the starburst nucleus due to supernova explosions that followed shortly after
the starburst leading to a superwind blow out or shocked outflow of interstellar gas from the
nuclear region. There is also an area of dense gas as traced by COJ = 3 — 2 (Figure as
well as a region of higher metallicities (Section that trace a potential outflow from a
starburst superwind. Heckman et al.| (1999) used a combination of X-ray data and long slit
spectra that intercepted the nuclear regions B1 and C concluded that Arp 299 had enough
internal energy to heat up the ISM to significant temperature and outflow velocity such that
gas may be able to escape from the system, making a superwind dominated system is highly
plausible. We mark both regions within a 6” radius of the X-ray centroid (Zezas et al.[2003))
as well as the 164 extranuclear regions that were selected by the AGN criteria in the BPT
diagrams throughout the paper.

7. Results
7.1. Comparison of Global SFRs

We measure the system wide average or global SFRs for the Arp 299 merger in a contour
aperture region that has a A/N >4 in Ha line flux as determined from our interpolated Ha
map. For the SFR comparisons, we use Murphy et al.| (2011) calibrations that have a
common (Kroupal (2001) IMF). These measurements are shown in Table |2l and an image
showing all star formation tracers is shown in Figure 3] Comparing to the total SFRig of
76.6+4.6 My, yr—! from IRAS, we are only recovering <1/4 of the global SFR from the Ha
flux from our IFU data (SFRe = 18.940.7 Mg yr~t), and <1/2 of the total IR SFR from
the saturated 24 pm image (SFRpsum) = 43.6£6.3 Mg yr~1). However, when we correct
the observed Ha flux using 24um we obtain a total SFR{ga24pm) of 89.8£9.9 M, yr=tin
agreement with the SFR from IRAS within the errors. Since the beam sizes of the IRAS 60
and 100um (see Table|2)) bands are 1.5' x 4.75" and 3’ x 5, respectively, it fully covers the Arp
299 merger so there is little missing IR flux. The Paa image only covers the nuclear regions
so we can only estimate the SFRpaq) to be 21343 Mg yr™, similar to the total Ho flux over
the whole system. A comparison of theSFR(paq) to SFR(Ha+24um) sShow the SFRgq424um) are
a factor of 22 higher on average in 6” regions centered at the peak Paa emission. This is due
to the high extinction in both the Pac and Ha line fluxes. Since the total SFRg from IRAS
is in agreement with the total SFRpq24,m) Within the errors, we use this SFR indicator for
the rest of our analysis with the exception of the comparison to HI (Section .
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7.2. Region—by—Region Comparison of SFRs

In order to directly compare our IFU data to the Spitzer 24 ym map, we convolve our
interpolated Ha map using a Gaussian kernel with a FWHM of the Spitzer 24um 6” PSF
then regrid onto the 2.45” plate scale of the 24 ym image. We measure our Hae map and 24
pm image in only regions where the Ha fiber flux has a A/N > 4 using apertures matched
to the 6” (~1.3 kpc) 24um image PSF. In Figure we compare the SFR derived from
the observed Ha flux corrected by the 24pm flux versus the Balmer decrement extinction
corrected Ha SFR. Regions determined to be contaminated by an AGN in NGC 3690 by
either the X-ray or optical spectroscopy from our IFU fiber analysis are marked by open
squares. We find a non-linear relation which indicates our extinction corrected Ha flux is
underestimating the total SFR in each region by at least a factor of ~10 on average compared
to the observed Ha flux corrected by the saturated 24um SFR. While the average ratio of
these two SFR tracers is very high, there are regions that are not as heavily extincted where
the Balmer decrement extinction corrections show an Ha flux great enough to match the
24pm, Ha corrected flux when both are converted to SFRs.

In order to understand where SFRs derived using Ha might be reliable in a nearby
merger, we show the distribution of the ratio of SFRga424.m)/SFRma) across the Arp 299
system in Figure [14] (bottom panel). We find a range of values for the ratio of SFR{gq-24pm]
to SFR 4 from 1 (linear, see Figure [14] top panel) to 60. This figure shows that dark blue
regions near the C-C’ complex, above both nuclei, and a region to the northwest (top right)
where the Ha flux is high enough to match the Ha corrected 24um flux converted to a SFR.
Most of these regions lie at low extinction (Figure , except for the region above both nuclei
where there is a peak in the extinction map from the Balmer decrement. From this figure
we show that Ha flux likely traces the younger stellar population in regions that lie outside
the nuclei in the north outer region of the Arp 299 merger.

We have measured Yspr [Ha]; 2SFR [Paa], 2SFR [24um]; aNd XSFR [Ha+24um] in both fiber
(4”.235) and 6" scale regions of 0.9 and 1.3 kpc, respectively in nuclear regions A, B1, C
and C’ with the exception that we only measure at the peak Paa emission at the location
of the C-C’ region. Figure shows the distribution of Ygrr [Ha+24um) 00 1.3 kpc scales
and Table [1] shows the measurements each tracer and region size. The nucleus of NGC
3690, B1, has the highest SFR surface density in all tracers using 24pum fluxes, which could
mean there is contamination from the AGN in the region measured or the other regions
have lower fluxes due to image saturation (Section [2.3.1)). However, AGN contamination
should not be the case since a measurement on either size scale lies outside of the X-ray
emission peak (Section @ and the potential IFU AGN contaminated regions. Measurements
using 24pm fluxes ( Xspr [Hat24um], 2SFR [24um]) Show that after region B1, the star forming
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complex region C has the highest SFR surface density followed by nucleus A and region C'.
Region C has the highest Ygpr [rq), Which is likely due to low extinction (Figure , in that
region and Ha is a more reliable SFR tracer. The next highest Yspgr [Hq] is seen in IC 694
nucleus (region A), followed by regions Bl and C’. Since nuclear region A is classified as
pure starburst (Section [0]), a low SFR surface density using recombination lines is likely due
to a high level of extinction in Ha and Paa even as discussed in Section

The northwest region of this system shows evidence for star forming complex associated
with and Ha peak and the peak in the HI gas distribution in both the map from Hibbard &
Yun! (1999) and a higher resolution (10”) map from Stanford & Wood| (1989)). This region
lies at low extinction (Figure|8) and contains a close association of stars visible in the HST
F814W optical image (Figure . This association or cluster of stars could either be a tidal
dwarf galaxy (if it is a bound structure) that is unresolved in the H1 kinematics from Hibbard
& Yun (1999)) or is possibly a large (super?) star cluster in the disk of IC 694 or externally
formed out of tidally stripped material. This feature has a higher redshifted Ha velocity
(Figure {4)) which is slightly higher than the velocity seen in the HI tidal tail that extends
linearly outward from this region. The Ha derived SFR of this stellar cluster in an 11”
aperture is 0.0294:0.001 M, yr~!and it has an HI gas surface density of 40.249M,, pc~2.

7.3. SFR—Gas Surface Density Relation in Nuclear Regions

Measurements of the relations between SFRs and gas surface densities in starburst
galaxies have been measured globally, most notably by |[Kennicutt| (1998]), however little work
has been done to explore this relation on smaller spatial scales compared to the extensive
work done by Bigiel et al. (2008); VENGA (Blanc et al. , in prep.) ref here? and others
on non-interacting normal spiral and dwarf galaxies. In order to investigate this relation

in the nuclear regions of the nearby Arp 299 merger, we use the SFR and gas surface
densities from Sections 5| and to look at the SFR-Gas surface density relation in the
nuclear regions on 1.3 kpc (6”) size apertures. Figures and show the interpolated
Ha flux map with the COJ =2 — 1 (blue) and COJ = 3 — 2 (white) and HCNJ =1 — 0
(cyan) and HCO"J =1 — 0 (white) contours overlaid, respectively. In Figure |18 shows the
SFR-Mol gas relations for each nuclear region using molecular gas traced by COJ =2 — 1
(yellow points) and COJ =3 — 2 (orange points). We compare to SFR-gas relations on
disk-averaged scales for spirals and starbursts using a combination of Hi+CO gas (Kennicutt
1998)), using molecular gas as traced by CO only in high—z mergers (Daddi et al.[2010) and
in 1 kpc regions in spirals and dwarf galaxies (Bigiel et al.|2011)). The solid lines indicate
the parameter space of the SFR-gas relation fit of Kennicutt (1998) and the dashed lines are
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extrapolations. Another caveat is that each of these relations uses a different SFR tracer:
Ha (normal spirals) and IR (IR bright starbursts) (Kennicutt||[1998), Ha and FUV+24um
(spirals), IR (starbursts/SMGs), and UV (BZKs/normal disks) (Daddi et al.[]2010), and a
combined GALEX far-UV (FUV) +24um (Bigiel et al|2011)). The nuclear regions lie
on the relation for high—z mergers within the errors in 5, which is mainly due to the
aco chosen for Arp 299. In Figure we show the SFR-Dense gas relation as traced by
HCNJ =1 — 0 (cyan points) and HCO"J =1 — 0 (purple points). The HCNJ =1 — 0
measurements for regions B1, C, and C’ are upper limits denoted by arrows. The yellow line
indicates the SFR-Dense gas relation converted to surface densities using apense= 10 and
HCNJ =1 — 0 integrated intensities for spirals and (U)LIRGs using dense gas as traced by
HCNJ =1 — 0 from |Gao & Solomon| (2004b)) and black horizonal lines indicate the region
of parameter space. Other than the upper limits, the nuclear regions lie close to the Gao
& Solomon (2004b) SFR-Dense gas relation within the errors despite changing apepse t0 5
for Arp 299. Changing the apepse to 5 in the |Gao & Solomon| (2004b)) relation would shift
the relation to the left in alignment with regions B1, C and C’, but farther away from the
starburst nucleus A.

7.4. Spatially Resolved SFR—Gas Surface Density Relation

We show the spatially resolved SFR-gas surface density on 1.3 kpc scales in regions
covered by the COJ =2 — 1 (blue) and COJ = 3 — 2 maps in Figure [20| and [21] (yellow
stars). Also shown are regions that may be affected by the AGN in NGC 3690 or by a
starburst superwind (Section [6)) as seen in line ratios from our IFU fiber measurements
(stars, squares) as well as regions near the X-ray centroid (crosses). The depletion timescale
(Taep) Which is the inverse of the star formation efficiency (SFE) as defined by the SFR per
unit gas mass or the Ygpr/Yuo (yr~!) is indicated by the dotted diagonal lines. These
regions lie mainly outside of the nuclear regions at low X\, or areas not covered by the
CO maps, but there are a a few regions with CO measurements that lie near the other
points within the scatter. The SFR-Mol gas relations for disk—average measurement sof
non-interacting galaxies are also shown (Kennicutt||1998; Daddi et al. 2010; [Bigiel et al.
2011). We find that regions in both COJ =2 — 1 and COJ = 3 — 2 transitions lie above
the high—z merger relation from Daddi et al.| (2010)), which is likely due to the low value of aco
used (Section , but was calculated directly for Arp 299 (Papadopoulos et al.|2012; |Sliwa
et al.|2012)), however see Section . The Spearman rank correlation coefficient is 0.88
and 0.71 for COJ =2 — 1 and COJ = 3 — 2, respectively, indicating a strong correlation
between Y1 and YspR [Ha4-24pm) in both transitions. The integrated Yo and Xspr [Ha-24jm]
is also shown in both figures and are seen to lie on or near the Daddi et al. (2010) SFR-Mol
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relation.

7.5. Spatially Resolved SFR—Dense Gas Surface Density Relation

Gao & Solomon| (2004b)) found the SFR-Dense gas relation to be a tighter linear relation
in both non-interacting normal spiral galaxies and (U)LIRGs using the IRAS IR SFRs and
the HCNJ =1 — 0 line then the relation found using CO on global or disk-average scales.
Since Arp 299 is a nearby IR bright merger, does this tight linear relation still hold on scales
of 1.3 kpc? In Figure , we show the SFR-Dense gas relation for YXsrr [Ha+24um] and Ypense
as traced by HCNJ =1 — 0 and HCO"J =1 — 0. Also shown is the relation from |Gao &
Solomon (2004b) converted to Xpense using and apepse 0f 10 (yellow solid line) and the dashed
line is an extrapolation and 74e, are the dotted diagonal lines. We also show the integrated
values for HCNJ = 1 — 0 (cyan)and HCO™J = 1 — 0 (purple) as large stars. The integrated
values for both dense gas tracers line up remarkably well with the |Gao & Solomon!| (2004b))
SFR—Dense gas relation with the only offset being the choice of apense Where we used apense0f
5 for Arp 299. If we use an apense Of 10, this would shift the integrated points to lie on the
Gao & Solomon| (2004b) relation. The spatially resolved points (small cyan and purple stars)
lie along the same line as the integrated values and have Spearman correlation coefficients
of 0.68 and 0.83 for HCNJ =1 — 0 and HCO*.J = 1 — 0, respectively, indicating there is a
strong relation between Xspr [Hat24pm) a0d Xpense for both dense gas tracers. Although the
displacement between our points and the Gao & Solomon| (2004b) relation is likely due to the
choice of apense, the difference in the SFR tracer (SFRyq24umjversus SFR from IRAS) or
the spatial scales measured (global scales compared to 1.3 kpc scales) might also contribute
to the offset.

7.6. Spatially Resolved SFR—H1 Gas Surface Density Relation

Since we find that the SFR[y,) recovers the SFRpa424pm) Within a factor of ~2-3 (Sec-
tion , we can use it to reliably estimate the SFR-gas relation using HI as a gas tracer
in the outer regions of the Arp 299 merger. We are limited to the resolution of the HI map
~22" and we make measurements in 11 apertures on scales of the HI resolution of 4.7 kpc.
In Figure 23| we show the interpolated Ha flux map with the Hri contours overlaid in red as
well as X-ray AGN contaminated regions (crosses) and IFU AGN regions (white stars). As
discussed in Section [7.2] the HI peak emission is associated with a region that has bright
Ha flux and a stellar cluster as seen in the HST optical image. We convolve our [FU Ha
map with a Gaussian beam of 22” FWHM to match the HI map resolution. We compare our
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measurements to the data points from the outer disks of normal spiral and dwarf galaxies
from Bigiel et al.| (2010) on spatial scales of 15” or ~0.6-1 kpc at the distance of their sample
galaxies. One caveat is that Bigiel et al. (2010)) estimate the SFR using the GALEX FUV as
a tracer which uses a slightly different normalization that the SFRs we derive using relations
from Murphy et al|(2011). Their measurements are normalized to the same Kroupa (2001))
IMF, however the normalization they use from Salim et al.| (2007) is a factor of 1.3 lower
than that derived in |Murphy et al.| (2011]) different from the SFR calibration they used. We
therefore multiply their SFRs by this factor in order to directly compare to our measure-
ments and this distribution for normal spirals (orange points) and dwarf galaxies (purple
points) is shown in Figure 24 We also include a factor of 1.37 to account for helium in their
measurements of Yy;. Another caveat is that their spatial scales are a factor of ~5-8 lower
than the regions we measure in Arp 299.

Figure [24] shows the SFR-HI extranuclear relation (yellow stars) as well as the range
of normal spiral and starburst galaxies from Kennicutt| (1998) and 74ep (where 74¢,=1/SFE)
are the dotted diagonal lines. The Spearmans correlation coefficient for the 11 regions in
Arp 299 is 0.15 which indicates a weak correlation that can be attributed to the wide scatter
in data points. However, we do find points that are likely associated with the disk of IC
694 to lie along the same relation as the outer disks of normal spiral and dwarf galaxies.
We also find there to be points that lie above the distribution of spirals and dwarfs. Since
we area measuring points in the outer region of the Arp 299 merger, the star formation
could be coming from a different physical process than that seen in the nuclear regions (i.e.,
gas driven inflow of dense material collapsing to form stars). Extranuclear star formation
in galaxy mergers could be driven by turbulence due to the high velocity dispersion in the
gas which can either support clouds against gravitational collapse or turbulent flows can
compress the gas to form dense clumps and drive star formation (Elmegreen|2002)). These
processes may explain the difference in SFR-gas relations at high-z (Genzel et al.| 2010}
Daddi et al.[2010) and in nearby spirals and starbursts on global scales (Kennicutt|[1998) as
seen in numerical simulations (Teyssier et al.|2010). The SFR-HI relation seen in 4.7 kpc
regions in the Arp 299 merger follow the same trends with the exception of a few points.
On average, the SFE as defined by the SFR per unit gas mass or the Ygrr/Sm (yr—!) is
found to be higher by a factor of ~6 than the sample of normal spiral galaxies. The increase
in SFE may be due to turbulent motions, but the increase is not extreme as it is likely the
extranuclear star formation in Arp 299 is being driven by molecular cloud collapse at a lower
rate than the nuclear regions. There could be significant deviation from this relation, for
example, in interacting galaxies at different interaction phases which is something that we
will test with the VIXENS sample of interacting galaxies (Heiderman et al.|[2011)).
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7.6.1.  Variation of CO-to—Hy Conversion Factor with Metallicity, IRAS Fgy/Fioo Flux
Ratio, and Dust Temperature

Since it is unlikely that there is only a single CO-to—H; conversion factor in any given
galaxy, we investigate the variation of the CO-to—H, conversion factor (aco) on small scales
in the Arp 299 system as a function of metallicity and compare to the commonly assumed
starburst (Downes & Solomon|[1998)) and Galactic (Bloemen et al.[1986) conversion factors.
We use the model proposed by Narayanan et al.| (2012) for the conversion factor (aco(Z'))
as a function of metallicity normalized by the solar value (Z’) described by the equation:

aco(Z') = 10.7 x (%) X (2,3'65) (M, pc? (K km s™1)7"). (12)

The N2 metallicity calibration from [Pettini & Pagel (2004) which uses the [N11]/Ha
strong line ratio was used to determine metallicities assuming a solar metallicity of 12 +
log(O/H) = 8.6940.05 (Asplund et al[2009). Figure [25]shows the fiber—to—fiber distribution
of metallicities across the merger. The mean metallicity of Arp 299 is 8.57+0.01. We find
higher metallicities in the outer regions of the merger and lower or diluted metallicities in
the nuclear regions in agreement with merger scenario in which galaxy interactions drive
lower metallicity gas from the outer regions of the system into the central regions (Kewley
et al.[2010 and references therein).

Using the relationship between metallicity and integrated CO line intensity from Narayanan
et al| (2012), we explore the variation in aco(Z’) on a 6” or 1.3 kpc spatial scale (re-
sults do not vary on fiber size scales) to compare later with our Ho+ 24um based
SFRs. To measure over 1.3 kpc apertures, we use our fiber-to—fiber metallicity measure-
ments and make an interpolated 2-D metallicity map and convolve this with a Gaussian
kernel with a 6” FWHM. Figure 26|shows the distribution of aco(Z’) for both COJ =1 — 0
and COJ = 3 — 2 integrated line intensities converted to COJ = 1 — 0 using the line ratios
in Section [3.2] on and 6” scales. We find that aco(Z’) varies based on which CO line transi-
tion is used to make the measurement. The median aco(Z') using COJ =2 — 1 integrated
intensities is 3.64+0.2 Mg pc™? (K km s7!)~! and using the COJ = 3 — 2 line intensity it
is 3.240.1 Mg pc2 (K km s7')~! on 1.3 kpc scales. The difference between COJ =2 — 1
and COJ = 3 — 2 is likely due to the cloud filling factor with COJ = 2 — 1 emission being
more extended and COJ = 3 — 2 emission being more compact (see Figure . Overall on
average, the aco(Z') factors agree well with the commonly used Galactic conversion factor
of 4.5 Mg pc ?(K km s71)~! (Bloemen et al.[1986) rather than the commonly used star-
burst factor (Downes & Solomon![1998) and aco calculated using this relation. We find little
variation in metallicity across Arp 299 so the values obtained for aco are dominated by the
variation in integrated line intensity for both CO transitions in these regions.
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We explore the SFR—gas surface density relations using the varying aco(Z') factor in
Figures[27)and 2§ which show the SFR-Mol surface density relations on 1.3 kpc using aco(Z')
and a factor of 1.37 for helium to convert from Hs to total molecular gas surface densities.
We find using aco(Z') does lower the dispersion in the SFR-Mol relations compared to what
we found using just a single conversion factor (Figures and and since higher aco
values were found using the metallicity-CO line intensity relation, the points move to the
right in gas surface density.

An alternative method to determine acp is to use a measurement of the dust content.
Assuming a dust emissivity spectral index § = 1.5 and the ratio of Fgo/Fi00 IRAS fluxes from
Table , we calculate a dust temperature (T, ) of 42.5 K. Using the linear relations between
the IRAS flux ratio and CO-to—Hy conversion factor (Fgo/Fioo—aco) and our derived dust
temperature and conversion factor (Ty.st—aco) from [Magnelli et al.| (2012)) (their Table 4),
we obtain a values of 0.67 and 0.99 My, pc™?( km s7!)~!. These values lie in between the
aco from [Sliwa et al. (2012) and Papadopoulos et al.| (2012) for Arp 299 and our results
using the metallicity—CO line intensity relation from Narayanan et al. (2012). This indicates
that a higher Milky Way like value for aco may be more suitable for Arp 299 than the two
lower values previously found. Another possibility is that aco likely varies as a function
of interaction phase based on if the system is in starburst mode and therefore a bimodal
aco (eg., starburst or Galactic) is highly unlikely (Tacconi et al.|2008). In order to better
understand these relations and conversion factors cco and apense in more detail as a function
of interacting phase in nearby galaxy mergers, obtaining molecular gas maps with more
coverage and higher sensitivity and resolution from facilities such as ALMA would be highly
beneficial.

8. Summary

We investigate relations between the SFR and gas surface densities using a variety of
star formation and gas tracers in the nearby IR bright galaxy merger Arp 299. We use an
IFU Ha map from the VIXENS survey of interacting galaxies, archival 24um and HST
Paa, to derive SFR surface densities and use maps of molecular gas from COJ =2 — 1 and
COJ =3 — 2, dense gas from HCNJ =1 — 0 and HCO*J = 1 — 0, and atomic gas from
HI to compute gas surface densities.

Our results are as follows:

1. We compare two Galactic extinction laws from Draine| (2003) using Ry= 3.1 (diffuse
ISM) and Ry= 5.5 (molecular clouds), using the Balmer decrement Ha/Hp flux ratio
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from our IFU data and from the Ha/Paa/ flux ratio from the IFU Ha map and an
HST NICMOS Paa map. We find that the Ry= 5.5 extinction law yields a higher
Ha/Paa ratio then using Ry= 3.1 in the nuclear regions of Arp 299, however the
ratio is still a factor of ~2 below the intrinsic Paa/Ha ratio from recombination line
theory indicating that neither the Ha or Paa line reliably trace all of the star formation
(Sectiond)). Comparing the Ay from the Ha/HB/ (~0.7-1.3 mag )and Ha/Pax (~1.4-
2.3) we find Ay both flux ratios are much lower by a factor of ~10 than those found
using CO maps (~7-29 mag).

. Using BPT line diagnostic diagrams, we find no evidence for an AGN in either of the
two nuclear regions A and B1 (Section @ Two regions are selected as AGN by all
three BPT diagrams that lie near the nuclear region of B1 similar to that reported in
Garcia-Marin et al.| (2006) which could be a Seyfert-like ionization cone, however it
could also be a interstellar gas heated by photoionization by massive stars. We also
find high [O1]/Ha and [Si1]/Hea line ratios covering a large area outside the nuclear
regions which can be attributed to either a large population of Wolf-Rayet stars or
supernova driving a starburst superwind shocked outflow of gas.

. SFR tracers are calibrated using a common IMF (Murphy et al.[2011) are used to com-
pare the global or system-averaged SFR for different tracers. We find the SFRnga4-245m]
(90+10 Mg, yr~!) is in agreement with the total IR SFR from IRAS (77+5 My yr'),
while the SFRuq (19£1) and SFRpp4,m) (4446) underestimate the total SFR by fac-
tors of ~4 and 2, respectively (Section . The total nuclear SFRpyq) is 13%3 is
similar to the total SFRu), which is due to the high extinction in both the Paa and
Ha line fluxes. The SFRp,q) in 6” apertures centered on the peak Pax emission are a
factor of ~ 2 lower on average than the SFRna+24pm)-

. We compare SFRyq) to SFRHa+24,m] OD a region-by-region basis to see the extent to
which using Ha to trace star formation in a nearby galaxy merger is limited. We find a
mostly non-linear relation between SFRyq) and SFR[pa4-24pm) Which demonstrates that
the SFRuq) underestimates the true SFR by at least a factor of ~10 on average but
ranges from 1-60 (Section [7.2)). The reliability of Ho as a tracer of star formation in
Arp 299 is tested and we find that regions near the C-C’ complex, as well as regions to
the north and northwest of the nuclei have a similar SFR [y, and SFR[pa24,m) Within
factor of ~1-3. Ha recovers the true SF'R outside the nuclei and in the interface region
of Arp 299.

. The nucleus of NGC 3690, region B1, has the highest SFR surface density when a
24pm SFR tracer is used and star forming complex region C has the highest Ygrr [Hq]
followed by IC 694 nucleus (region A), Bl and C’ (Section . The low hydrogen



10.

— 928 —

recombination line SFR surface density in region A is likely due to the high level of
extinction in Ha and Paa (Section [4).

The northwest region of Arp 299 has an Ha peak associated the HI peak and a stellar
cluster seen in the HST F814W optical image, which could either be a tidal dwarf
galaxy or possible a large cluster in the disk of IC 694 or external cluster formed out
of tidally stripped material (Section .

. We explore the SFR-Mol relation between the SFR using SFRgq+24,m) and molecu-

lar gas surface densities in the nuclear regions of Arp 299 using COJ =2 — 1 and
COJ =3 — 2 converted to COJ =1 — 0 using a line ratio. We also look at the SFR-
dense gas surface density relation using HCNJ =1 — 0 and HCO"J = 1 — 0 lines as
dense gas tracers. We find the nuclear regions to lie on the SFR-Mol surface density
relation found in high-z mergers (Daddi et al.[2010)) and on the SFR-dense gas relation
of |Gao & Solomon| (2004b) within the errors (Section [7.3)).

Spatially resolved regions of size 1.3 kpc throughout the Arp 299 merger using COJ =2 — 1

and COJ = 3 — 2 are strongly correlated in Xspr [Ha+24um] and Xpie and are found to
lie above the [Daddi et al. (2010) high-z merger relation in the SFR-Mol gas surface
density plane while the integrated SFR-Mol surface densities lie on the (Daddi et al.
2010)) relation (Section [7.4). The discrepancy is likely due to the lower aco chosen
for Arp 299 or a combination of that and the choice in SFR tracer and spatial scale
measured.

. The SFR-Dense gas relations on 1.3 kpc scales in Arp 299 using Xspr [Ha+24um] and

HCNJ =1 — 0 and HCOTJ =1 — 0 to trace Ypense are strongly correlated and lie
along the same line as the integrated values for Arp 299 (Section [7.5). Both the
integrated and spatially resolved points lie above the Gao & Solomon| (2004b)) relation
with the differences being the choice of apepse for Arp 299 of 5 and apense 0f 10 used
in that study, the SFR tracer (SFRga424umversus SFR from IRAS), or comparing
different spatial scales.

Since SFRjuq) recovers SFRma424,m) Within a factor of ~2-3 (Section , we use it to
investigate the SFR-HI gas surface density relation in the extranuclear regions of Arp
299 on 4.7 kpc scales. We compare SFR-HI surface density relation in Arp 299 to a
sample of spiral and dwarf galaxies from Bigiel et al| (2010) and find that regions in
Arp 299 seem to follow the same general trend as in the outer disks of normal spirals
and dwarfs with the exception of a few points that have higher SFR surface densities
(Section ?7?). The SFE of regions in Arp 299 are higher by a factor of ~6 compared to
spirals and dwarfs and this could be due to the effects of a high velocity dispersion in
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interacting galaxies driving star formation, however the increase in SFE is not extreme
and star formation is likely driven by molecular cloud collapse at a lower rate then in
the nuclear regions.

11. We use the [N11]/Ha strong line ratio was used to determine metallicities and find the
mean metallicity of Arp 299 to be 12+ log(O/H) of 8.5740.01 (Section [7.6.1)). Higher
metallicities are found in the outer regions of Arp 299 and lower or diluted metallicities
in the nuclear regions in agreement with merger scenario in which galaxy interactions
drive lower metallicity gas from the outer regions of the system into the central regions
(Kewley et al.|2010 and references therein).

12. A large uncertainty in calculating >, is the CO-to—Hs conversion factor, aco. We
explore the variation of ago as a function of metallicity IRAS 60 to 100pm flux ratio,
and dust temperature. We use the relation from [Narayanan et al| (2012) to com-
pute aco(Z') as well as the Fgo/Fioo—aco and Tyust—aco from Magnelli et al.| (2012)
(Section . We find aco varies based on CO line transition used with a me-
dian value for COJ =2 — 1 of 3.2 Mg pc?(K km s7!)™! to 3.6 using COJ =3 — 2
Mg pe?(K km s7')~! and the variation in aco is dominated by the lower I(CO) line
intensities (Section ?7). Both values are closer to the commonly used Galactic value of
4.5 Mg pc (K km s71)~! (Bloemen et al.|[1986) as opposed to the common starburst
conversion factor of 0.8 Mg pc™2(K km s™!)~! (Downes & Solomon/[1998) and the value
previously found for Arp 299 of ~0.4 Mg pc 2(K km s7!)~!. The SFR-Mol relation
using aco(Z’) lowers the dispersion in the relations compared to a single conversion
factor and moves the points to the right in Xy, in between the Daddi et al.| (2010) and
Kennicutt, (1998) relations. The conversion factor using Fgo/Fioo and Tyys for Arp 299
are 0.67 and 0.99 My pc™?(K km s71)~1 respectively. A higher Milky Way value of
aco for late interaction phase merger, Arp 299, may be more suitable than the lower
values previously found. The other possibility is that aco likely varies as a function
of interaction phase based on whether the system is in starburst mode and region by
region in interacting galaxies.
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Fig. 1.— Spectrum of fiber 354 with a high A/N =100 in the Arp 299 data cube. The
observed spectrum and 1o uncertainties are shown in blue and the yellow envelope, respec-
tively. The best fit stellar plus emission line spectrum is shown by the orange solid line and
the dotted green line shows the stellar component of the fit without the emission lines. The
vertical yellow bands are masked regions around sky line residuals.
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Fig. 2.— Spectrum of fiber 633 with a low A/N =7 in the Arp 299 RSS file. The observed
spectrum and 1o uncertainties are shown in blue and the yellow envelope, respectively. The
best fit stellar plus emission line spectrum is shown by the orange solid line and the dotted
green line shows the stellar component of the fit without the emission lines. The vertical

yellow bands are masked regions around sky line residuals.
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Fig. 3.— RGB image of interpolated Ha flux map based on discrete values at each IFU
fiber position (red), archival HST 814W image (green), Spitzer 24um image (blue), and
contours of HST Paa emission (yellow; note coordinates are offset see |Alonso-Herrero et al.
(2000)). The two main separate components of the Arp 299 merger IC 694 and NGC 3690
and individual nuclei (A and B1) and star forming complexes (C, and C’ are indicated. Also

shown is a possible stellar cluster associated with a peak in both Ha and HI.
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decrement (HB/Ha) line ratio, a foreground dust screen model, and a Galactic extinction
law from Draine| (2003)).
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Fig. 11.— Top: BPT diagram showing |[Kewley et al|(2001)) extreme starburst classification
line (red solid line) and errors (red diagonal line region), the pure star formation classification
line from Kauffmann et al. (2003) (blue solid line), and the Ho et al.| (1997)) classification
schemes (black dashed lines). White star points indicated regions that were selected by all
three BPT diagrams, boxed points indicate regions selected by two or more BPT diagrams,
and crosses mark regions within a 6” radius of the X-ray selected AGN from (Ballo et al.
2004)). The solid yellow star shows the integrated ratio for the system. Bottom: The AGN
selected regions (star and boxed points) are overlaid on an fiber-by-fiber [N11] /Har flux map.
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line (red solid line) and errors (red diagonal line region), the Kewley et al.| (2006) Seyfert-
LINER line (blue and solid diagonal lines), and the Ho et al.| (1997) classification schemes
(black dashed lines). White star points indicated regions that were selected by all three BPT
diagrams, boxed points indicate regions selected by two or more BPT diagrams, and crosses
mark regions within a 6” radius of the X-ray selected AGN from (Ballo et al.2004). The
solid yellow star shows the integrated ratio for the system. Bottom: The AGN selected
regions (star and boxed points) are overlaid on an fiber-by-fiber [S11]/Ha flux map.
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Fig. 14.— Top: Comparison of extinction corrected Ha and 24pm SFRs measured on scales
of 24pm resolution (6”). Potential AGN contaminated points are denoted by stars and open
squares. The colors represent the ratio of SFR [Ha +24pm | /SFR[Ha | shown in the bottom
panel. The dark blue points represent where there is a roughly linear relation between the
Ha +24pm and Ha based SFRs. The solid black line is a linear relation at a SFR of 0.01.
Bottom: The ratio of Ha+24um to extinction corrected Ha SFRs measured on scales of
24pm resolution (6”). AGN contaminated regions are marked with black cross (X-ray) and
stars (IFU)
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Fig. 15.— XspRr [Ha+24ummap where circles indicated 1.3 kpc scales and Ha line fluxes have
A/N > 4.
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Fig. 16.— Interpolated Ha flux map based on discrete values at each IFU fiber position
overlaid with HI (red) contours and contours starting at 20 above the noise level and increase
intervals of 20... Ha flux map overlaid with COJ =2 — 1 (blue) COJ =3 — 2 (white)
contours starting at 20 above the noise level and increase... Map beam sizes are shown in
the top left corner. AGN contaminated regions are marked with black cross (X-ray) and
stars (IFU).
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Fig. 17.— Interpolated Ha flux map based on discrete values at each IFU fiber position
overlaid with HCN(1-0) (cyan) contours and HCO™(1-0) contours (white) starting at 2o
above the noise level and increase intervals of 20. Map beam sizes are shown in the top left
corner. AGN contaminated regions are marked with black cross (X-ray) and stars (IFU).
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Fig. 18— SFR—Mol gas surface density measurements of the nuclear regions of Arp 299
using COJ =2 — 1 and COJ = 3 — 2 on scales of 1.3 kpc. The mass (Myy) is calculated
using the same aperture area (3” in radius). Lines indicate extragalactic relations on disk-
averaged scales for spirals and starbursts (blue line; Kennicutt| [1998) and high-z mergers
(green line; Daddi et al.|2010), as well as in 1 kpc regions in spirals and dwarf galaxies (red
line; Bigiel et al.[2011)).
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Fig. 19.— SFR-Dense gas surface density measurements of the nuclear regions of Arp 299
using HCN(1-0) and HCO™(1-0) on scales of 1.3 kpc. The mass (Mpense) is calculated using
the same aperture area (3" in radius). The yellow line indicates the SFR-Dense gas relation
on disk-averaged scales for spirals and (U)LIRGs (Gao & Solomon|2004b)).
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Fig. 20.— Spatially resolved SFR-Mol gas surface density relations from measurements at
each TIFU fiber position with CO.J=2-1 coverage on scales of 1.3 kpc. The mass (M)
is calculated using the same aperture area (3” in radius). The dotted vertical line is the
sensitivity limit of the COJ = 2 — 1 map. Large yellow star is the integrated value for Arp
299. Lines indicate extragalactic relations on disk-averaged scales for spirals and starbursts
(blue line; |[Kennicutt| (1998)) and high-z mergers (green line; Daddi et al.| (2010)), as well as in
1 kpc regions in spirals and dwarf galaxies (red line; [Bigiel et al.|(2011)). AGN contaminated
regions are marked with boxes from IFU line fluxes and black crosses (X-ray).
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Fig. 21.— Spatially resolved SFR-Mol gas surface density relations from measurements at
each TIFU fiber position with CO.J=3-2 coverage on scales of 1.3 kpc. The mass (M)
is calculated using the same aperture area (3” in radius). The dotted vertical line is the
sensitivity limit of the COJ = 2 — 1 map. Large yellow star is the integrated value for Arp
299. Lines indicate extragalactic relations on disk-averaged scales for spirals and starbursts
(blue line; |[Kennicutt| (1998)) and high-z mergers (green line; Daddi et al.| (2010)), as well as in
1 kpc regions in spirals and dwarf galaxies (red line; [Bigiel et al.|(2011)). AGN contaminated
regions are marked with boxes from IFU line fluxes.
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Fig. 22.— Spatially resolved SFR-Dense gas surface density relations from measurements
at using HCN(1-0) and HCO™(1-0) each IFU fiber position on scales of 1.3 kpc. The mass
(Mpense) is calculated using the same aperture area (3” in radius). The dotted vertical line is
the sensitivity limit of the HCNJ = 1 — 0 and HCO*J =1 — 0 maps. The large cyan and
purple stars are the integrated value of HCNJ =1 — 0 and HCO*.J =1 — 0 for Arp 299.
The yellow line indicates the SFR-Dense gas relation on disk-averaged scales for spirals and

(U)LIRGs (Gao & Solomon 2004b).



— 57 —

1

log F(Ha, cor) (erg s™' cm™?)

-15.8 -15.1 -145 -13.8 -13.1 -12.5 -11.8

IIIIIIIITI LILILE) IIIIIIIIIL

58.575

58.570

58.565

\

58.560

DEC (deq)

ww

58.555

58.550 |
)

172.16 17215 172.14 17213 172.12 172.11
RA (deg)

Fig. 23.— Interpolated Ha flux map based on discrete values at each IFU fiber position
overlaid with HI (red) contours and contours starting at 20 above the noise level and increase
intervals of 20. The two main separate components of the Arp 299 merger IC 694 and NGC
3690 and individual nuclei (A, B1, and B2) and star forming complexes (C, and C/ are
indicated. AGN contaminated regions are marked with black cross (X-ray) and stars (IFU).
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Fig. 24.— Spatially resolved SFR-HI gas surface density relation from measurements scales
of 4.7 kpc in the outer regions of Arp 299. The mass (Mp;) is calculated using the same
aperture area (11” in radius). Regions for the outer disks in normal spiral and dwarf galaxies
on scales of 0.6-1 kpc are show as orange and purple circles, respectively from

(2010).
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Fig. 25.— Metallicity using the N2 calibration from [Pettini & Pagel (2004) and fiber
[N11]/Hev line ratios.
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Table 2.  Global Star Formation Rates

Band Luminosity SFR
10*2 erg s—1 Mg yr—1
(1) (2) 3)
IR (1-1000pm)® 1973+118 76.6+4.6
Ha, cor >3.524+0.12 > 18.9+0.7
24 pm > 461+£1.9 > 43.6+6.3
Ha+424pmP Lia,obst 0.031L24ym > 16.6 £1.9 > 89.849.9

Ly1q,0bs = 2.34£0.01 -

Note. —  Total IR  luminosity  calculated  from
Fpir=1.26x10"14(2.58 g0 + Figo) (W m~2) (Fo=
105.82 Jy, F100=111.16 Jy from the IRAS galaxies and quasars catalog)
and the ratio of total IR (1-1000um ) to FIR luminosity: Lig/Lpir ~
1.75, assuming a few percent contribution to the total IR luminosity
from 1-8um (Calzetti et al.|[2000).

(b) Mixed Ha+24pm luminosity and SFR using the 24pm extinction
corrected observed Ha luminosity using equation 6 from
(2011).

(1) Wavelength band; (2) Total luminosity in wavelength band above an
observed Ha flux S/N of 5; (3) Star formation rate using same
IMF and SFR calibrations taken from [Murphy et al.| (2011]).
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Fig. 26.— Metallicity dependent CO-to-Hs conversion factor (aco(Z’) from |[Narayanan
et al.| (2012) on scales of 1.3 kpc corresponding to the resolution of 24um PSF for
COJ =2 — 1 (solid black line) and COJ = 3 — 2 ( dotted black line). The commonly use
single value starburst conversion factor (Downes & Solomon|/1998) and Galactic conversion
factor from (Bloemen et al.|1986) are shown by the dashed black lines.
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Fig. 27.— Spatially resolved SFR-Mol gas surface density relations from measurements at
each IFU fiber position with COJ = 2 — 1 coverage using a metallicity dependent conversion
factor (aco(Z')) from Narayanan et al.| (2012) on scales of 1.3 kpc. The mass (M) is
calculated using the same aperture area (3” in radius). The dotted vertical line is the
sensitivity limit of the COJ = 2 — 1 map. Large yellow star is the integrated value for Arp
299. Lines indicate extragalactic relations on disk-averaged scales for spirals and starbursts
(blue line; [Kennicutt| (1998)) and high-z mergers (green line; Daddi et al.| (2010)), as well as in
1 kpc regions in spirals and dwarf galaxies (red line; [Bigiel et al.| (2011))) AGN contaminated
regions are marked with boxes from IFU line fluxes and black crosses (X-ray).
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Fig. 28.— Spatially resolved SFR-Mol surface density relations from measurements at each
IFU fiber position with COJ = 3 — 2 coverage using a metallicity dependent conversion
factor (aco(Z') )from Narayanan et al. (2012) on scales of 1.3 kpc. The mass (M) is
calculated using the same aperture area (3” in radius). The dotted vertical line is the
sensitivity limit of the COJ = 2 — 1 map. Large yellow star is the integrated value for Arp
299. Lines indicate extragalactic relations on disk-averaged scales for spirals and starbursts
(blue line; [Kennicutt| (1998)) and high-z mergers (green line; Daddi et al.| (2010)), as well as in
1 kpc regions in spirals and dwarf galaxies (red line; |Bigiel et al.| (2011])). AGN contaminated
regions are marked with boxes from IFU line fluxes.
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