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Outline

# Introduction and Motivation.
* Sample Selection.

+ Observations.

* Modeling:

+ Dust emission

+ UV-FIR SED
+ Fine Structure lines.
+ Results.

NGC 2537
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Motivation

High Redshift (z) Universe:
* Distant and Young Galaxies.
Small (~1 kpc).

Small angular size.

Blue intrinsic colors.

[rregular morphologies.

Study the physical processes
in these galaxiesin detail is
extremely difficult.

One possible solution to these
difficulties is to identify
Local Analogs (low-z) to high-z
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Smaller galaxies can have
irregular and distorted structures.

Ultra Deep Field

1 ° Credits: VISUALIZATION: Frank Summers (STScI), Alyssa Pagan (STScl), Leah Hustak (STScl), Greg T. Bacon (STScl), Zolt G. Levay
ga’ axies. (STScl), Lisa Frattare (STScl)
SCIENCE: Anton M. Koekemoer , Bahram Mobasher HUDF Team (STScl), MUSIC: Dee Yan-Key
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SOriA

Motivation

The Deep Field

Local Analogs Early Galaxies

(Low Redshift): (High Redshift):

e Irregular, Small, High * Irregular, Small, High
Star Formation. <:> Star Formation.

* Main features * Main features (UV-
observable in the UV - optical) redshifted
Optical - Infrared to the Infrared.

Ultraviolet Coverage of the Hubble Ultra Deep Field (UVUDF) project.
Credit: H. Teplitz and M. Rafelski (IPAC/Caltech), A. Koekemoer (STScl), R. Windhorst (Arizona State University), and Z.
Levay (STScl) NASA, ESA,
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With additional extinction

* Previous works: FUV luminosity, W(Ha), i.e. Ostlin e
— SDheroidal 9
2014, Hoopes 2007, Overzier 2014. " Large disk
S— Dwarf

Other

* Novel Technique.
* 129 local galaxy templates (Brown+ 2014).

* Fitting observe SED of 159,645 high-z galaxies
(zup to 5, CANDELS!).

Fraction of best-fit SEDs
(i |
N

For galaxies atz>2 just 11 of the local

template galaxies provide >90% of all the .
best-fit SEDs. 05 1 £ 5
Unique sample.

. Redshift

Refs: 1Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS). For survey details, see Groginet al. (2011) and Koekemoeret al. (2011).
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Dwarf Galaxies

* Dwart Elliptical and Spheroidal
e 107 to 103 M,

* No evidence of star formation.

* Dwarf Irregulars
« 10°M,,,
* Clear evidence for ongoing star
formation.

’ re _;A.gl.;'.._-',‘,;_ : . 3 L R A SO S N N Y A ei—
[ ]
* Blue Compact Dwarf Galaxies S Dwarf Irregular Galaxy Leo A Suprime-Cam (B, R, Z)
=) August 5, 2004
® Young Stellar population. Subaru Telescope, National Astronomical Observatory of Japan
Copyright () 2004 National Astronomical Observatory of Japan. All rights reserved.

DEF. & CHARACTERIZATION OF LOCAL ANALOGS TO HIGH-Z GALAXIES SKARLETH MOTINO FLORES smotinoflores@usra.edu | 6



The Sample of Local Analogs: Blue Compact Dwarf Galaxies (BCDGs)

Local galaxies.
Compact galaxies.

Small (optical diameter ~1 kpc)
Low metallicities (1/3 to 1/41 Z,,)

High gas mass fraction.

Blue optical colors (actively star
forming).

---> Are this young system?

BCDGs do not fit in the Hubble
sequence classification.

T'h‘e. Hubble Galaxjes Classification

Elliptical

DEIA

NGC2537 - UGCA208 Mrk1450 UM461 Mrk1307 Haro02
ff . o s ;- ‘ -
1 kpc
Haro06 NGC4670 Mrk475 UGCA410 Mrk930
‘ ¢ i ‘ .- SDSS i-band
No. GALAXY RA Dec D log M. |log My;® £  Metallicity@ Alternative
NAME J2000.0 Mpe Mg Mo M, 12 +log(O/H) Name
1 NGC 2537 08:13:144 +45:59:13 8.6  9.02 843 0.7 8.19 Arp 6; ‘Bear Paw’
2 Mrk 140  10:16:28.3 +45:19:18 27.6  8.60 890  0.56 8.30 Mrk 140
3 Haro 02  10:32:31.9 +54:24:02 237  9.21 8.03  0.02 8.45 Mrk 033
4 Mrk 1450 11:38:35.6 +57:52:27 14.7  7.27 735  0.54 7.96
5 UM 461  11:51:33.1 -02:22:22 20.7  7.37 847  0.96 7.78
6 Mrk 1307 11:52:37.4 -02:28:09 21.0  8.07 873  0.81 7.96 UM 462
7 Haro 06  12:15:18.4 405:45:39 351  8.58 8.83  0.69 8.18
8 NGC 4670 12:45:17.1 +27:07:31 200  9.38 9.02 037 8.30 Arp 163
9 Mrk 475  14:39:05.5 +36:48:21 109  6.95 6.62  0.56 7.93
10 UGCA 410 15:37:042 +55:15:48 105  7.26 758 057 8.10 Mrk 487
11 Mrk 930  23:31:58.6 +28:56:50 77.5  8.89 9.51 0.74 8.08

al. 2016). (c)
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(a) Stellar mass M, This work. (b)
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HI data from Paturel et al. (2003), except for Mrk 1450 (van Driel et
Gas fraction is defined as f, = My/(My + M,). (d) Metal Abundances UM 461 and UM 462
(Campos-Aguilar et al. 1993), Haro 02 (Davidge 1989).



Observatory for Infrared Astronomy

Studying the physical properties of Galaxies

Stellar Dust Emission Energy

Emission. Emission. Lines characterization
(Gas). of Galaxies.
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Stellar emission

The star light can be

observed:
* Directly in the UV-Optical. 5000 K atr
e [ndire Ctly in the Infrared. 108: // —_‘“‘\\\ - the Sun (5,800 K)
e | <‘\_\ v
* Modeled as black body 5 10°) T
radiation. I X T
% 2. § ™ N Wide Field Imager
L | > 310 K human ™\ (WFI) on the
i | ‘ | 3 _\\ MPG/ESO La Silla
1010, 102 109 308 505 Observatory.

2. BB temperatures

wavelength (nm) by Adison Wesley
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* Interstellar space appears to be empty. However, §
this is wrong! |

* Interstellar dustin galaxies absorbs energy from starlight; this

absorbed energy is then re-radiated at infrared (IR) and far-IR Image Credits:

Left: NGC1333 - NASA/CXC/JPL- Caltech/NOAO/DSS.
(FIR) wavelengths. Right: Horse Nebula. NASA GODDARD. GSFC_20171208 Archive_e001518
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Interstellar Gas Emission Lines

Powered by Star Formation.
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Observations: The SOFIA telescope ek 2
Stratospheric Observatory for Infrared Astronomy.

Telescope Assembly Secondary Mirror Mechanism

* 106 inches (2.7-meter) reflecting telescope, is a 17 ton telescope!

HAWC+
High-resolution Airborne Wideband Camera. [50 - 240 pm]

FIFI-LS N
Field Imaging Far Infrared - Line Spectrometer [42 - 210 pm]. |
Allows us to map FIR fine structure lines. The SOFIA Instruments | * fhucn
= [CII]157.77 pm N
0 [OIII] 88.36 um 10, RS N:(:zsor!:u)u; M—MIR(J 30 pm) i g FIR (30-300 ppm) i g Submm 4 ‘- ‘_‘ \ Tl‘vu,mw

10 @FIFILS

* Herschel
* WISE 10

. AKARI -—-m.,, n——

0 For
10 T T T TTTTIT T T T TTTTIT T T TTTTTIT T L L T

10 100 10

107 5| @ Us.Fadility Instrument WY i
@ German Principal Investigator Instrument b Nét bt L 1% 5)03:45 00
. 10°¢ i InDevelopment ol % w"ﬂ,»'; \i 4
* Ancillary data: - i e
L] M EXES ‘ ."\ fwona
* Spitzer 10t ( AT

.FONCASTMH\

Resolving Power (A/AA)

Wavelength (um)
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NHEIA

SOFIA products: S i

* Observations with SOFIA-HAWC+ (55, 89, and 155 micrometers)

Galaxy: NGC 2537
HST Optical + 155 um Contours

— T
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Sﬂ (= ¥,
Black Bod del; S
* Modified Black Body Function:
T 2hv3 /3
B —_ = Haro06 - BlackBody Fitting Haro06 - BlackBody Fitting
e}){ l// k’ 1 T 1 ]II'E *i ](I'E | 7:
10" ; 10 —
F, x (1 —exp(—7))B,(T) 2 s 13 e
V ; l/ = *'om ~ . * % = ] L ? E
= : = ]
10" . —= 10" N 3
3 . / ‘ [ [
and(T) = {2 Bv(T) L= exp | — (_\) C LY ] r ]
/ T L . N L 10 | (O T O Wl v | I N
Wavclicngth (uem) Wu\'cli‘ngth (um)
B(v;T): the Plank function. Parameters:
* SOFIA-HAWC+: 55,89,155,and 216 um (in red).
* T: Dust temperature [K].
* Herschel: 70,100,160,250,350,500 um (in blue).
e Q: izati .
Ngrelizahien GonsiEm » Spitzer- MIPS: 24 um (in green).
* B: Dust Emissivity Coefficient.
SKARLETH MOTINO FLORES smotinoflores@usra.edu | 14
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Bayesian Inference of parameters -

PA1 — PT1

Best Sol ~ =~ Best Sol
Average === Average
Perce 50 === Perce 50

130 135 140 145 150 155 160 165 170

0.040 A — PT2

Best Sol 0.035 4 ~ =~ Best Sol
Average === Average
Perce 50 0.030 1 === Perce 50

0.025 A
0.020
0.015 1
0.010 A
0.005 A

0.000
T T T T T T T T T
37.5 40.0 42.5 45.0 47.5 50.0 52.5 55.0 57.5
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Diagnostic plots for the SED fits

— P(Q -
"®) Parameter correlations
10.04
10.02
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Best Fit
7‘\ I TR : \70.00 :
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10.0

Mrk 1450

1073

10!

0.15

I

== 0.101
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0.05

0.00

102 10°
Wavelenght (m)
 FIR Luminosity
MRK1450
: —— Prob(Lum)
—— Fitted Gaussian
""" Average
----- Mean
68% Conf. Int.
0.0 0.5 1.0 2.0 2.5 3.0
x 10°
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Results | Black Body Models

[ad= V.
i i/

Stratospheric Observatory for Infrared Astronomy

TTrrrrm 1 T lllll T TTTTT T | I B B R T T T TTTITH | B R EEEL T T TTTTrT T H —rrrrm T T T TTTrTm T T llllllg
NGC 2537 Mrk 140 Haro02 Mrk 1450 :
10" e
;; 2
o E|
= 3
Y- 102
10" a
= :
x \\g
= "]
- 192 1
;’ LLALLL 1 L Jllllll‘ L l‘l~llllla.
E 10! 102 10°
100 ] Wavelenght (z:m)
- -
2
- | = Black Body Model
; = - Warm Component
Ll s _9 il Cold Component
10 3 —— Brown (2014) Spectra
oA § SOFIA Data
. g T Andillary Data
1 | I 1 I o ] 11 1 L L1l 1 L L1111l 1 1o 1 111Dy LLLLLL 1 L L L1111l 1 L1 1 11kl
101 10° 10° 10! 10° 10° 10! 10° 10°
Wavelenght (zzm) Wavelenght (1um) Wavelenght (;:m)
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SOFIA (53-216 m) inred.

Herschel (60-500 m), Spitzer (24,
60,100,160 m) and other
ancillary data points are in blue.

Solid green line is Brown+2014
spectra. (Not fitted).
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Results | Black Body Models -

NAME Td Peak Td Warm Td Cold
K K Mg

Local Analogs  33.5 124.4 +£29.8 41.9+8.0
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FUV- FIR: Spectral Energy Distribution (SED)
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MRK930

0.1 1.0 10.0 100.0
Wavelength, A [um]

NGC4670

N

1.0 10.0 100.0
Wavelength, A [um]
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Results | Star Formation History SwriA

SFH - NGC2537 SFH - MRK140 SFH - Haro02
1 1 1 1 1 1 1 1 1 1 2 _I 1 1 1 1 |
T ; | | . 0.2} . . i i | | Red solid line: Median.
$>'4\ 0.2k —‘ | : _ | | The 16th and 84th percentiles,
29 —_— : ' ! enclosing the yellow areas.
OO i_l I I I OO I I I : : 0 I I I II_':_
0 00T 01 1 5 133 V70 00T 01 1 5 33 0 001 01 1 5 B3 gens lookback times:
SFH - MRK1450 CGyrs SFH - UM461 Gyrs SFH - MRK1307 Gyrs p '
005 T 7 ' ' 7 T ' ' T ' ' 0, 10Myr, 100Myr,
Té\ — | 0.05 = | y . - | 1Gyr, 5Gyr, 13.3 Gyr.
: _— - |
a ’ —_
V00T 011 5 33 00T 01 1 5 33 00T 01 1 5 3.3
SFH - Haro06 Gyrs SFH - NGC4670 Gyrs SFH - MRK475 Gyrs
L f ' ' i ' ' ' - L f f '
h A A I I 0.01F ‘ ' ! 1
5. 0.5 1 — —
— O O ] ] !_‘ I O ] i_l |—| 0 00 ] : ] } }
0 0.01 0.1 1 5) 13.3 0 001 0.1 1 5) 13.3 7770 0.01 0.1 1 5) 13.3
SFH - UGCA410 Gyrs SFH - MRK930 Gyrs
Tﬁ 0.05F . . . —
= F 251 .
o) i
| | | ! " I | | — |
00— 0T 011 5 33 Y0000 01 1 5 3.3
Look-back time. [Gyrs] Look-back time. [Gyrs]

DEF. & CHARACTERIZATION OF LOCAL ANALOGS TO HIGH-Z GALAXIES | SKARLETH MOTINO FLORES smotinoflores@usra.edu | 20



Results | Star Formation History

SFH - NGC2537

o | T N
202 | ]
Q o L
= | | :
00— i |
Y0001 01 1 5 3.3
SFH - MRK1450 Gyrs
D — i
5 F i
©] [ : :
0000 01 1 EREE
SFH - Haro06 Gyrs
=050 0 ]
< I |
! !
Y0001 01 1 5 3.3
SFH - UGCA410 Gyrs
—o005f |
e T 3
~ B i
(0] i | } }
= B =
0000001 o1 1 ENEE

Look-back time. [Gyrs]
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Stratospheric Observatory for Infrared Astronomy

SFH - MRK140 SFH - Haro02
! ! ! ! ! 2F ! ! ! ! :
0.2¢ ._. . ._. = Red solid line: Median.
' :_: ' | The 16th and 84th percentiles,
: | enclosing the yellow areas.
) A O ; ol e
0 0.01 O.lSFH 1UM461 5 G%33 0 0.01 OleH &RKBO? 5 GZL33 steps lookback times:
T T * 0, 10Myr, 100Mynr,
00— i 1Gyr, 5Gyr, 13.3 Gyr.
‘ ! ! ! 0.25—— ; | i
0000001 01 1 5 133 V0000 01 1 3 13.3
SFH - NGC4670 Gyrs SFH - MRK475 Gyrs
I ’ 1 R ‘
— | 001f :
0 0.01 0.1 1 5 13.3 0 0.01 0.1 1 5 13.3 .
SFH - MRK930 Gyrs SFH - M51 Gyrs Messier 51 (The
! ! ! ! Whirlpool Galaxy)
—_— . . SFH Ref: Eufrasio et al. 2017.
o5 101 ! l . . Image Crediits: NASA, ESA, S.
B | ! ' ' Beckwith (STScl) and the Hubble
3 1 | | ‘ ; . . . . Heritage Team (STScl/AURA)
O'OO 0.01 0.1 1 5) 13.3 00 0.01 0.1 1 5 13.3

Look-back time. [Gyrs]
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Look-back time. [Gyr]
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Dust Mass
relations.
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Results | Star Formation Rate vs Stellar Mass SoriA

L
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. =15
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DEIA

y : : . =T o /o
Fine Structure Lines KEmission =
z=9.1
[l 2.3x10° 157.74um 3000  11.26eV ea:'liest detected
' L galaxy.
[Olll] 2.7x10° 88356 um 2000  35.10eV : 1 | COIN88
: . s Ref: Paolo Serra 2017

1
RA (J2000) 334 335 336 337

Mrk1307: SOFIAHAWC+ and FIFI-LS observations showing:
Distribution of dust continuum (red color and contours)
[CII] 158 um (green)

[OIIT] 88 um (blue).

Mrk1307
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Preliminary Results: L

[CII]157pm and [OIII]88um, Relation with Star Formation.

—
3
w

— Local Analogs

Liorrn/Lrrr]
3

Local Analogs
GOALS B Local Analogs
DGS Madden+13 SHINING

z >6 Galaxies GOALS

— Local Analogs

ALPINE DGS Madden+13
SHINING z > 6 Galaxies

_6 . .
10 107 108 10°
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.. > =E ;
Preliminary Results: ek i

[CII]157 pm and [OIII]88 pm

1010

37 LA T 1 \\\\H‘ LA 1 \V\\*—E
E ) ,/,? _____ LagacheQOlgz:Q 1010:Y T “[)‘e”iooz‘e_i‘_édl‘i” T 1 T 1117 IR Iz ERL 11 \H—%—
i ® A L ] . — - ’ ]
| ° S o //:IB 1 tafa(ieiigiz 27; - o High-z Galaxies = i
100k o . Dabic ¢ ) 15* (oL ©  DOS Maddent13 i
- ’ ] ¢ Looze+20 - B Local Analogs + E
- i 1 o Highz Galaxies - ® ]
i i - O Goals Py 1
—= 108 . e ALPINE .
o 10% e 1 e DGS Maddent13 9 10% =
S ' g z L S ® :
= i ¥ e ° 1 B ocal Analogs — - % £ ]
S i = ® 8 1 © Goals - - —E - ® ,
— 107 — ,/// —] 9. 107 L % —]
~ E ’ © E W E %j ® E
- + ° © ] - o .
I © o i R 8 ]
10°F E 10°F E
; ; : o |
105 ,",\ ,\\\HH‘ L \\\HH‘ L \\HH‘ \\\HH“ \\\HH‘ [ EENE: 1051_ L \\\HH‘ L \\\HH‘ L L \\HH‘ \\\HH‘ L L \\HH‘ L \\\HW4
1072 1071 107 10 107 10 10 1072 10~ 10" 10* 1 107 10° 10
SFR [Mayr™] SFR [Moyr™]

Refs: DGS from Madden et al.( 2013), SHINING from Herrera-Camus et al. (2008); GOALS from Armus et al. (2009);
High-z Galaxies: ALPINE (4 <z <6) Le Fevre (2019). z=7.2120 Inoue et al. (2016); z=7.1521, Hashimoto et al. (2019); z=7.1 from Maiolino et al. (2015), z = 8.31 from Bakx et al. (2020)
z=8:38 and z = 9:11 from Laporte et al. (2019).
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Summary and Gonclusions

O Definition of candidates based on SED, dust characteristics, Star Formation History, and Gas fraction.

d Dust: Warmer than other star-forminglocal galaxies. Consistent with high-z galaxies.

d M,/Msx consistent with gas rich galaxies.

O Gas characterization: [CII]157pm and [OIII]88um:
O [CII] levels consistent with high Star formation Activity.

O High gas ionization levels consistent with detections for High-z galaxies.

O Star formation history (SFH): 6 Galaxies are truly young systems, show SF < 1Gyr.
Best Local Analogs: Mrk 1450, UM 461, Mrk1307, Mrk 475 , UGCA 410, and Mrk 930.

d The correlation found between the local analogs, and the high-z galaxies, highlights the relevance of more detailed studies
of the physical processesin BCDGs.
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Future research Interest: SoriA
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Stratospheric Observatory for Infrared Astronomy
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Research based in part on observations made with the NASA/DLR Stratospheric Observatory for Infrared Astronomy
(SOFTA). SOFTA is jointly operated by the Universities Space Research Association, Inc. (USRA), under NASA
contract NNA17BF53C, and the Deutsches SOFIA Institut (DSI) under DLR contract 50 OK 0901 to the University of
Stuttgart.

Financial support for this work was provided by NASA through award # 06-0222 issued by USRA.
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