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e (2) WFC3 & ACS Lyman Continuum Stacking, Systematics, & Fluxes
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e (4) SED-fitting & Dust-distribution Ay (z)
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A dim ultraviolet surface brightness is best seen against a dark background ...

The LyC SB-signals we see are very dim and very flat (i.e., non-Sersic!).



(1a) Hubble WFC3 Data: The Early Release Science (ERS) field.
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10 filters with HST/WFC3 & ACS reaching AB=26.5-27.0 mag (10-o)
over 40 arcmin? at 0.07-0.15" FWHM from 0.2-1.7um (UVUBVizY JH).

(JWST adds 0.05-0.2" FWHM imaging to AB~31.5 mag (1 nly) at 1-
bum + 0.2-1.2" FWHM at 5-29um, tracing young+old SEDs & dust).



Hubble Space Telescope Program

Role of ACS in HST Post-SM4 Imaging Capability

HST Discovery Efficiency
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ACS/WEFC superior to WFC3 survey efficiency at visible-red wavelengths
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WFC3 filters designed for star-formation and galaxy assembly at z~1-8.

Early Release Science (ERS) field covers 40 arcm?, 0.2-2pum in 10 filters.



WFC3/UVIS, ACS/WFC filters
LyC at z22.26, 2.47, 3.08, 4.35
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2200 SDSS quasars 0.04£z<4.79
(z = 1.253; van den Berk* 2001)

(z~2-4 LBGs; Bielby* 2013;
Lya , Lya )
3100 Lyman—-Break Galaxies
: (z ~3; Shapley* 2003)
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[LEFT] Composite rest-frame far-UV spectra of:
SDSS QSOs at z~1.3 (van den Berk etal. 2001);

[see also J. Cooke's talk, this Conf.]
LBGs at z~2-4 (Bielby etal. 2013, Ly emitters, & absorbers).

e Lower z-bounds: no A>912A below filter's red-edge (=0.5% of peak).

e Filter red-leak wing (A23648A) is <3x 1072 of peak transmission.
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[LEFT] Cen & Kimm (2015): PDFs of mean fese over “Ngiqer Objects:
high-mass (top) & low-mass (bottom) at z=4 (left) & z=6 (right).

® Mean fese from weighted number of photons mimics SED stacking of
galaxy LyC data with true mean fege listed. ERS has Ngtpo.=11-37.

and grey the 68% range,
(See other talks this Conf., e.g., G. Becker).
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The first & hardest part was to get the WFC3 astrometry right:

e Pre-flight 2009 ERS geo-distortion had <0/745 offsets at image borders
compared to GOODS v2.0 (Windhorst etal. 2011 ApJS, 193, 27).

e In-flight 2013 geo-distortion correction yielded excellent registration of
all WFC3/UVIS tiles to the ACS F435W mosaics (Kozhurina etal. 2014).

e Compared to GOODS, all offsets are now <0//02 4-0.06 (rms) in all LyC
filters (Smith etal. 2015) — this no longer blurs any LyC signal!
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Residual sky-background levels in the drizzled WFC3/UVIS ERS mosaics:

e Black lines: Best fit to the 2009 ERS v0.7 mosaics of Windhorst et al.
(2011), which used pre-flight thermal vacuum flat-fields.

® Global residual sky-background levels (in ADU/sec) remaining after driz-
zling the ERS mosaics are ~30.29, 29.99, and 28.15 mag arcsec 2

e Final 71x71 pix (67739x6739) LyC stacks allow residual local sky-

subtraction to $32.3 mag arcsec ™2 .



(discarded)

150
100 :
N
0 i
0 1 2 0 1 2 0 1 2 0 1 2 0 1

2 00051015 2.0

Redshift fidelity grade

Comparison of redshift reliability (spectrum quality) assessments, from best

(0.0) to poorest (2.0), by five co-authors [BS, RAW, SHC, RAJ, and LJ|:

® Measuring LyC escape fractions of fese ~6.0% at 230 requires low
interloper fraction (Siana™ 2015; Vanzella™ 2015).

e Mask-out all interlopers from 10-band ERS mosaics to ABS27.5 mag.
e Use all VLT, Keck, & HST grism spectra to get most reliable samples:
® “Gold” sample: highest fidelity (grades=0-0.63): zsp's very likely correct.

® “Silver” sample: next highest fidelity (0.64-1.33), with z's likely correct.
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Absolute and apparent WFC3/IR F125W (J-band) magnitude distributions
of the Gold and combined Gold + Silver samples:

® The F125W filter samples rest-frame near-UV emission at 2.26<Sz35.
Serves as proxy for restframe M 4 g (1650A) for flat spectrum objects.

® [he blue dotted curve indicates the faint-end power-law slope of 0.16
dex/mag of the galaxy number counts of Windhorst™ (2011).

@ Sample incompleteness for ABZ24, or M 4 g (1650)2-21 mag.

0.0
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‘Tic-tac-toe” sky-background analysis of 71X 71 pixel (67739 X 67/39) stacks:
LyC [left 4 panels| and UVC [right 4 panels].

® Large-scale gradients in residual sky-background left in drizzled images
5-40 X fainter than global remaining sky residuals in previous Figure.
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[ Top Row]: All galaxies in combined Gold Galaxy sample: N=51;

|Bottom Row]: All galaxies in combined Gold+Silver sample: N=118.

26.80 (~+/51X%x1.00 above sky), and 2130 (~+/118X1.20).

Circles: r=8 (07/72), 13 pix (17/17), centered on the UVC emission.



Galaxies without AGN, Gold sample
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z—2.47-3.08 z=3.08-4.35 z—=4.35-6.
Galaxies without AGN in Gold sample.

Bottom Row: UV-Continuum stacks.
Blue: SEXTRACTOR LyC apertures, 210 in 24 connected pixels.
Green: SEXTRACTOR MAG_AUTO apertures using UVC centroids+apertures.




Galaxies with AGN, Gold sample
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Galaxies hosting weak AGN in Gold sample.
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All galaxies, Gold sample
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z=2.47-3.08 z=3.08-4.35 z=4.35-6.
All Objects (Galaxies + Weak AGN) in Gold sample.




All Galaxies, Gold+Silver sample
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z=2.47-3.08 z=3.08-4.35 z=4.35-6.
All Objects (Galaxies + Weak AGN) in Gold+Silver sample.




Galaxies without AGN, 23 <2< 6
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| Top Row]: All galaxies in combined Gold Galaxy sample: N=51;
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Model (z=2.65)

F225W (<z>=2.38)
F275W (<z> 2.68)
F336W (<z>=3.47)
F435W (<z> 5.02)

N
N

N
IS

N
(®)]

N
(o0]

> = = = i.]’-
‘o =< bl IS
T

*q

i.I-Li I~H~1 -k fﬁ:H{\

W
o

—
0‘1
(8]
Q
(7]
(8]
S
®
M
<t
(o]
©
£
L
(7))
(7]
Q
c
=)
L
(@)
-
m
Q
)
©
't
=
(/2]

(SV)
N

0.2 0.3 0.4 0.5
Isophotal Semi-Major Axis (arcsec)

[ Top Curves|: Radial SB-profiles of non-ionizing UVC (solid).

e Horizontal black dashed line is the 1o SB-limit of ~32 mag arcsec ™2 .

Light-blue dot-dash: Dijkstra's z=2.68 UVC(C-scattering model with ISM
porosity + escaping LyC increasing as: feov(7)=N exp{—(r/10kpc)*}.
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Circles: galaxies; Asterisks: AGN at:

Median Ay, increases from ~0.2"" at z=5.1-3.5 to
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. Best-fit Ay, from 10-band SEDs for all ERS galaxies
z—2.68, z=3.45, z=5.1.
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Best-fit Ay from 10-band SEDs for all ERS galaxies (black dots).
e Galaxies+AGN with zspec 2.68 represent N(Ay/) distribution.
z=3.45-5.1
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[Left]: Relative fesc -z: Published + ERS Gold & Gold+Silver samples.

Simple tanh[log(1+z)] captures more sudden fese -increase at zZ2.5-3.

[Dashed: Same, corrected for ~45% missing SMGs( Ay >1) at z23.1].
(4+Bridge™ 2010)

Object-weighted ratio of tanh-curves suggests fesce (galaxies) high enough
to dominate reionization at zZ 3, while weak AGN may dominate at z<2.5.




(6) What critical aspects will JWST add to HST's LyC Escape studies?

ectra of individual
Failed-open micro-shutter

e Can do 100’'s of simultaneous faint-object spectra to ABS27-28 mag

® Larger & fainter zgpec -samples for LyC candidates in HST UV fields
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We hope the HST and JWST TAC's will allow field to do what's needed:
e HST WFC3/UVIS: More LyC images, before this becomes impossible.
e JWST NIRSpec, FGS, NIRCam: 1000's of zspec's for faint LyC objects.




(7) Summary and Conclusions
(1) HST can measure LyC for galaxies + weak AGN at z~2.26-5.5.

e WF(C3 and ACS filters designed with low-enough redleak to enable this.

e Samples of sufficient size (N=11-118) need to be stacked to see LyC signal, preferably many dozen.

e Astrometry /registration and sky-background subtraction must be carefully done in various stages.

e Subtle residual sky-gradients and other systematics ultimate limitation to LyC stacking (at 232.3 mag arcsec™2 ).
® Deepest 10-band images at HST resolution critical to mask-out all foreground interlopers to AB<27.5 mag.

e Careful spectroscopic redshift selection critical for reliable samples.

e Must correct results for M 4 and Ay -biases that result from the necessary spectroscopic selection.

(2) LyC signal detected in sub-samples of N=11-37 objects at z=2.26-5.5.
@ Detections of AB(LyC) generally better than >3-40 (AB~29.5-31 mag).
e Weak AGN have ~1 mag brighter AB(LyC), but are 4-10X less numerous than galaxies.
e Stacked LyC SB-profiles are on average much flatter than the UV-continuum Sersic-profile.
e LyC may escape along few random sight-lines, offset from the average galaxy center.

e Non-Sersic LyC SB-profiles may indicate that the ISM porosity increases with .

(3) Resulting fesc -values show rapid “tanh[log(1+z)|" increase at zZ2.5.

e Dust-corrected SED-fits and MC simulations are essential to interpret this sudden drop in fesc (2).

e Best-fit 10-band ERS SEDs suggests Ay increases from z~6 to z~2.3.

® Spectroscopic selection at z=2.37-2.68 follows field galaxy Ay, but at z=3.45-5.1 misses ~45% of dusty objects.

e This explains part but not all of sudden feg. -increase at z22.5: Accumulating HI4+-Ay (t) may shut down fese (253).

® Object-weighted ratio of tanh-curves suggests fesc (galaxies) high enough
to dominate reionization at zZ 3, while weak AGN may take over at z<2.5.



Picture: Sunday May 31 (Ehlanzeni water hole; Kruger Park, South Africa)
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Table 2
LyC Stack Summaries of Gold and Combined Gold + Silver Samples

LyC apertures UVC apertures
Filter z-range (z) Nobj mp,yC ABerr SNRyycC Dryc mr,yC SNRyyc Dryc myvc SNRyvc
(1 (2 3 €] (5) 6) (7 &) ©) (10) (11) (12) (13)

GOLD GALAXIES WITH AGN:
F225W 2.291-2.291 2.291 1 30.12 0.46 2.34 0.213 30.00 1.10 1424 27.90 7.85
F275W 2.470-3.008 2.697 7 28.92 0.12 8.77 1.372 29.56 6.97 0.665 25.00 156.9
F336W 3217-3.474 3.349 3 29.69 0.30 3.58 0.690 29.53 474 0.492 24 45 118.2
F435W 4.760-4.823 4792 2 28.58 0.24 448 0.571 >31.5 <2 0.357 24.66 79.0
GOLD GALAXIES WITHOUT AGN:
F225W 2.302-2.450 2.380 14 29.98 0.19 5.64 1.059 30.00 4.80 1451 24 .43 237.5
F275W 2.559-3.076 2.682 11 30.09 0.19 571 0.656 29.80 4.90 1.583 24 .51 192.2
F336W 3.132-3.917 3472 11 30.66 0.24 448 0.259 30.21 3.75 0.895 24 .88 101.9
F435W 4.414-5.786 5.015 15 30.37 0.33 328 0.354 30.61 2.32 0.467 26.12 70.3
ALL GOLD GALAXIES:
F225W 2.291-2.450 2.374 15 29.92 0.17 6.53 0.958 30.01 4.93 1.407 24.50 240.8
F275W 2.470-3.076 2.688 18 29.61 0.10 10.40 0.782 29.31 10.32 1.427 24.68 226.2
F336W 3.132-3.917 3.446 14 30.13 0.24 4.56 0.943 29.82 6.01 0.923 24.75 131.0
F435W 4.414-5.786 4.989 17 29.51 0.22 4.87 0.874 30.70 2.25 0.468 25.79 953
GOLD + SILVER GALAXIES WITHOUT AGN:
F225W 2.262-2.450 2.362 31 29.79 0.11 946 1.109 29.71 8.74 1.576 24.56 303.6
F275W 2.481-3.076 2.692 26 29.46 0.09 11.92 1.135 29.35 11.29 1.606 24.76 229.6
F336W 3.110-4.149 3.524 24 29.96 0.16 6.85 1.017 29.93 6.83 1.073 24.73 164.9
F435W 4.414-6.277 5.312 37 30.35 0.19 5.79 0.452 31.53 223 0.336 26.72 92.7
ALL GOLD + SILVER GALAXIES:
F225W 2.262-2.450 2.362 33 29.88 0.12 9.27 1.017 29.72 8.63 1.620 24.59 2957
F275W 2.470-3.076 2.669 33 29.34 0.07 15.11 1.082 29.22 14.03 1.627 24.79 252.7
F336W 3.110-4.149 3.505 27 30.01 0.16 6.94 1.036 29.93 7.19 1.089 24.68 188.2
F435W 4.379-6.277 5.263 40 29.84 0.15 7.33 0.669 30.08 5.83 0.668 26.22 103.1




Table 3

Summary of fesc Constraints

(z)  Nopj (fryc/f1500(0bs)) (fis00/fLyc(Int)) Avimed (Tiam) fileoo  fielzoo  fil(GM-MC)  faRS(IGM-MC)

ey 2 3) “) &) (6) (N ) ©)
GoLD GALAXIES with AGN: )
2291 1 0.129 400577 3.44707% 0.90T07:  0.207TG0%F  2100% >100%  — —
2.677 7 00270 +0.00309 2.98170-08 1231375 024770088 25%1%% 33t — —
3349 3 0.00802 +0.00224 11.470-79 0.107015  0.112%00%0 793 %  82tio%  — —

+0.37 +0.50 +0.00122 )

4792 2 00158 +0.00389 3.5510-3¢ 1.9019-35 0.00108F0-09122  ~100% ~100%  — =
GoLD GALAXIES WITHOUT AGN:
2380 14 0.00213 £0.000568 Akt 0.557070  0.29710-0%2  3.7T35%  7.0123%  0.7675%; 0.117348
2.682 11 0.00586 £0.00103 2.9870-08 0.58T080  0.2471008% 53713 %  7.1780% 3.22135 0.2772:5¢
3.472 11 0.00488 +0.00109 11.419-29 0187092 0.112+0:0%0  48%35%  50751% 34797 32157
5015 15 0.0200 +£0.00609 3.5510-57 0.1775:%7 0.00108T550122  ~100% ~100%  ~100% >21179
GOLD + SILVER GALAXIES WITHOUT AGN:
2362 31 0.00809 +0.000857 3.7419-12 0.5570-70  0.30610:0%5 5273 Tg  9.97T0% 1.76755%. 0.2672:22
2.692 26 00132 +0.00111 3.2510-00 0.58T0-%5  0.24910-052 12777 5% 17H3. % 6.2137) 0.5512-90
3.524 24 0.00809 +£0.00118 4.3310-39 0.1870:%7  0.08910-027  37+i7 3972%%  6.512° o b
5312 37 00353 +£0.00611 2.971T013 0.1775:%7 0.000197550125 ~100% ~100% 8711l >2015°
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Example of SED fits used for fese (MC) etc, using A21216 A and Z=Zgpec-
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Detector location of “high-CTE" and “low-CTE" sub-samples: [LEFT]:
WEFC3/UVIS F225W, F275W, F336W. [RIGHT]: ACS/WFC F435W.

Green regions are closest to parallel read-out amplifier.

e Filled circles show marginal LyC signal in individual objects:

® These are fairly uniformly distributed across individual CCDs.
Average stacked LyC diff: A( —High-CTE) ~ 0.540.35 mag.




F160W,;(1im)=26.5 mag
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Redshift

WFC3 ERS 10-band redshift estimates accurate to S4% with small sys-
tematic errors (Hathi etal. 2010, 2013), resulting in a reliable N(z).

e JWST will trace mass assembly and dust content <5 mag deeper from
z~1-12, with nanoly sensitivity from 0.7-5um.



(6b) Can JWST see most of the Reionizing sources?

= . WFC3 HUDF/XDF F160W
- o WFC3 ERS F160W
= o GAMA (1.65 1)
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Ndm (/sq deg/0.5 mag)
o

H/F160W (AB mag)

F336W, F435W, F606W, F775W, F125W, F140W not shown].

1.6pum counts (Windhorst™2011).

® 300-hr WUDF can see AB<32 objects: M 4 g ~-15 (LMCs) at z~11!




