Haro 11
The Resolved Lyman Continuum Source and Cosmological Implications

Lena Komarova
University of Michigan
komarova@umich.edu

Sally Oey (University of Michigan) Arjan Bik (Stockholm University)

Svea Hernandez (Space Telescope Science Institute) Matthew J. Hayes (Stockholm University)
Angela Adamo (Stockholm University) Anne Jaskot (Williams College)

Claus Leitherer (Space Telescope Science Institute) Daniel Kunth (Institut d'Astrophysique, Paris)
Mattia Sirressi (Stockholm University) Peter Laursen (University of Oslo)

Edmund Hodges-Kluck (NASA Goddard Space Flight Center)  J. Miguel Mas-Hesse (Centro de Astrobiologia, Madrid)
Jens Melinder (Stockholm University)

Goran Ostlin (Stockholm University)

T. Emil Rivera-Thorsen (Stockholm University)




Haro 11

Closest, first confirmed LyC emitter (88 Mpc)
- f ..~ 3 % (Leitet+ 2011, Bergvall+ 2006)

- Initial detection aperture covers entire galaxy

- Knots C and B host ultra-luminous X-ray sources (ULXs)
- Knot C is strongest Lya emitter
- Knot A is Green Pea analog, showing low optical depth

RGB Ha,F550,F435. Cormier+ 2012

- Our new HST/COS data reveals LyC-leaking knot



|ldentifying LyC-leaking Knot(s)

- HST/COS spectra 900 - 1200°A, R =18 000

- G130M, 2.5” aperture, 5000 s/knot x 3 visits
- Reduction in CalCOS/boxcar, custom background

Flux (1071% erg s~lcm—2A-1)
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LyC flux density in 10" erg s"cm?2 A"
Knot A: 0.2 £ 1.7 (non-detection)
Knot B: 2.3+ 1.8
Knot C:1.2+ 0.9

» Consistent with Leitet+2011 (4 + 0.9) x 10" erg s'cm= A"
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Knot C: An Expected Detection

Expected based on highest Lya escape, ~6% (Hayes+2007, Ostlin+ 2021)

Likely nuclear cluster

Longest, strongest stellar feedback (Sirressi+ 2022)
Lowest M ,, and HI covering fraction ™ 0.8 (Gao+2022, Ostlin+ 2021)

Remaining gas is clumpy (Rivera-Thorsen+ 2017)

Ostlin+ 2021. Lya, Ha, 1500A cont



Stellar Population in Knot C and Its LyC Output
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Spectr. fit: 2 SSPs
1.0 Myr, M« = 1.2e+07 My, E(B-V) = 0.4

5.0 Myr, M. = 6.7e+07 My, E(B-V) = 0.37
New COS, S22 COS

| x | | | | x
m 1000‘ "1100 " " 1200 " " 1300 " " 1400 " " 1500 " " 1600 " " 1700

T T
—— Spectr. fit: 3 SSPs
1.0 Myr, M. = 1.2¢+07 Mo, E(B-V) = 0.38

—— 5.0 Myr, M. = 6.5e+07 Mo, E(B-V) = 0.37
—— New COS, 522 COS and MUSE

Arest(A)
40 40
— Spectr. fit: 3 SSPs
w— 1.0 Myr, M. = 1.2¢+07 My, E(B-V) = 0.38
35 — 5.0 Myr, M. = 6.5e+07 My, E(B-V) = 0.37 35
& —— New COS, 522 COS and MUSE
|
o 30 30
)
E 25 25
o
T
v 20 20
o
-
o
n 15 15
|
S =
~ 10 10
<
5 5
{1520 1530 1540 1550 1560 1570 1580 PZ

20 1225 1230 1235 1240 1245 1250 1255 1260

fesc - L900,obs/L9OO,int

What is the intrinsic stellar LyC of Knot C?
Combine new COS with Sirressi+2022 COS 1060 - 1800 A

Find 5 Myr, 7 x 10° M E(B-V) = 0.4 pop to dominate FUV
- P Cygni point to 1 Myr component
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»f "~ 0.02 (Preliminary)



Knot C: Could the ULX Contribute LyC?

- Knot C hosts a bright, soft ULX Haro 11-X2
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- L, (0.3-8 keV) =4 x 10 erg/s
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Counts s™! keV~?!

- Spectral slope ' = 1.8 (Gross+ 2021)
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Energy (keV)
Likely super-Eddington accretor (Mg > 20 M)
(Gross+2021) X2 (ULX in C) Chandra spectrum (Gross+2021),
absorbed power law fit



Knot C: Could the ULX Contribute LyC?

Observe ULX in X-ray only; what is its SED in LyC?

DIS - irradiated disk (low-hard)

BMC - bulk motion (generic)

KAA - super-Eddington
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Model ULX SEDs
Simmonds+ 2021

—— SIE
LEB

Pl L — DIS
W — BMC
' —— KAA

100 10! 102 103
E [eV]

Observed
L 4 x 10%% erg/s
X
40
Looo 0.9 x10™ erg/s
Modelled
41
L900,star 5x10™ erg/s
40
L9OO,ULX <2 x10*erg/s

Model SEDs vary by orders of
magnitude

LLyC < LX for most

Possible for ULX to contribute LyC



Knot B: Strongest detection

- Highest SFR, youngest age 1-3 Myr (this work)

BUT Menacho+ 2021

high extinction E(B-V)

- Still enshrouded, with highest N, and M B
0.0 0.1 0.2 0.3 0.4 0.5 0.6

H2’

- Neutral covering fraction f_=0.96in S I (Ostlin+ 2021)

- lonization-bounded (Keenan+ 2017)




Stellar Population in Knot B and Its LyC

P Cygni point to 1 Myr component
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Knot B: Could the ULX Contribute LyC?
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- Knot B hosts a hard ULX Haro 11-X1
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Counts s~ ! keV~1

- L (0.3-8 keV) ~10*" erg/s

Energy (keV)

- Spectral slope ' = 1.5 (Gross+2021)
X1 (ULX in B) Chandra spectrum (Gross+2021),

absorbed power law fit

- Could be LLAGN or low, hard XRB (Gross+2021)
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Knot B: Could the ULX contribute LyC?

Fernandez-Ontiveros+2012 LLAGN SEDs

- Model SEDs vary by orders of magnitude, LLyC < L, for most
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ULX is unlikely to contribute LyC

Observed
L 9.5 x 10%% erg/s
Looo 17 x 10*° erg/s
Modelled
Lo00,star 6 x 10" erg/s
Looo, ux | <6 X 10% erg/s
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Knot A: Non-Detection

[OIII]/[Oll], Keenan+ 2017
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- Drives Green Pea analogy of Haro 11

- Knot with highest ionization, O,, ~ 9 (Keenan+ 2017)
- Unconfined morphology = optically thin in sky plane

=+ If LyC escapes in other LOS, it is highly anisotropic

-» Green Pea nature # LyC escape
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Summary Komarova 2023, in prep

- Observe Knots B and C in Haro 11 to leak LyC; no leakage in Green Pea Knot A

Knot C: fesc C"’ 2% (Preliminary)

Ly

- Nuclear region with little HI; fC e 50%, f = 6%

esc, Lya

- Super-Eddington ULX is a possible contribution?

KnotB: f 3% (Preliminary)

esc,LyC

- High SFRin enshrouded, covered region; f_  =100%, f =1%

esc, Lya

- LLAGN/XRB feedback may punch pinhole but can’t provide required LyC
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Cosmological Implications

1) LyC escapes even in high optical depth systems, if stellar FUV is strong

- High Lyman luminosities may accompany low escape fractions

2) LyC escape in Green Peas may be highly anisotropic

3) Need to clarify importance of accretors in LyC budget

- LCE candidates show excess of X-ray sources (e.g., Bluem+2019, Dittenber+2020)
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