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My suggestion : Take some time to enjoy this
marvelous city (and its surroundings) !

EN EFFET.. | LASSEZ - Nods 5 DITES O ./ATTENDEZ !

PASSER [ ON Vols VoREZ PAS

NoUs A SIGNALE LE QRU'ON JoLE, Vous
PASSAGE DE DEUX OTreS 2., .
CRIMINELS PAR ¢t/

7=

) sy

Marseille, Intergalactic Interconnections July 2018



LABORATOIRE D' Asmnmsmut

u WHE.RE'S' THE MATTER 2° |- AM )/ VIIIth Marseille International Cosmology Conference

, THE CosMIC ODYSSEY OF BARYONS:
£25-29 June 2001

Marseille

(France) INVJTED *
‘ SPEAKERS,

3 L. DaCOSTA
s.0.C o R. ELLIS
. ATHANASSOULA B. GUIDERDONI
. BECHTOLD - : L. GUZZO o
CESARSKY G. HASINGER ; : it : S
"KRAAN-KORTEWEG | S. LILLY : (oE =
LAHAV ® v . M. PETTINI Y . ; S.O.C.
LE FEVRE ; R. SOMERVILLE " - - ; o Lo
MADDOX J. WAMBSGANSS : . & ; L : ; : w - Romeel Davé
MAZURE S.WHITE - Romeel Davé : e Avishai Dekel

STEIDEL " . Avi 3 kel ? X
SZALAY . - . o : - e ‘ Matthew Lehnert =~

Gl Juna Kollmeier . .
VETTOLANI ; . ; : - M
; : “ =~ Filippo Mannucci " s - . (C::yr:is tal artm,
Yuichi Matsuda S peant — f-r)mr‘sZOI " : Max Pettini
; Ben Oppenheimer R '““ T . fr ; Joop Schaye
Organizers 5 = Xavier Prochaska N z MML 7 e, : - Mlchael Shll“
pesoul; TRESSE & M. TREVER " Trevor Ponman B : g . e Romain Teyssier
. pi//WWW.astrsp-mrs. ré vate/mrs: Joop Schaye it bt LQ’C AR Dehmgv. Le Brpn, C. Pénoux. B. Milliard g

Alice Shapley-
ve

B UNIVERI ] : ; : . ==
A4 Bt Ccnes (N B {IBEEEwS

&
[
S
w
+
2
=
=
S
=
2
s
-
e
S
N
&
8
o
@
=
°
g
X
=8
3
S
)
s
B
g
g
&
E
S
[}

OPOPVOOROET

De |'espace BOUCHES-DU-RHONE [(ZEE: MN"S:’L

(@) lnterg : - v < ﬂ ; .l’ . SR ;\..;‘Flu’lu O T L T Smita viatnur 'Ml"'cnaél’blomqwst
| P " ; Ba Rob Crain Jordi Miralda-Escudé
(@) nterg Peng Oh Nathalie Palanque-Delabrouille

& : . L Chris Martin H i
SOC: Mat Pieri, Celine Peroux, Dusan Keres Juna Kollmeier, Gwen Rudie, oop Schaye, Mike Shull, Matteo Viel JoeRenraw

Clothilde Laigle
LOC: Vincent Le Brun, Mat Pieri, Michael Blomqvist, Cecile Gry, Bruno Milliard

’ i ! BN ( Aix Marseill
Sean Morrison, Ignasi Perez Rafols, Celine Peroux, Debopam Som ......L..'}“M > B A Mlde_x E©nce




Astronomical Research has a long tradition
here in Marseille.

.| Pytheas of Massalia / MuBeag 6 Macoahiwtng
w4t century BC Greek ‘scientist’ :

Measures Latitude of Massalia (Marseille)
First Greek to describe the ‘Land of the Midnight Sun’
First to suggest Moon (phases?) related to tides

Statue outside of Palais de la Bourse Marseille, Intergalactic Interconnections July 2018



In the next 15 minutes you will....
...... oe introduced to a novel method : Agnostic Stacking

- blind search for doublet intergalactic metal absorption
- selects apparent absorption without requiring knowledge of its source

- stacking this mixed population dilutes doublet features in composite spectra in a deterministic
manner

e see the results of applying this method to the characterization of
the NeVIlll absorber population in COS-data at z~0.9

- Danforth sample of 26 high quality COS data

- probing to an unprecedented low limit of log N>12.3 at 0.47<z<1.34
- pathlength Az =7.36

- dn/dz (log N>13.7) = 1.38 (+0.97,-0.82)

- Q(NeVIll) significantly lower than predicted by recent simulations

- Inferred baryon density of this gas phase : 4% of total baryonic mass

Marseille, Intergalactic Interconnections July 2018



log|N (cm™3)]

Highly ionised metals are tracers of hot gas
between 10° and 107 K (“WHIM”)

14

13

12

11

n,=2x107° cm=3, Z2=0.1 Z,, L= 5() kpc

Neon is 5" most abundant element
NeVIl has 207 eV ionization energy
NeVIll (770 / 780 A) is a doublet !

Pieri et al. 2010,

HST Archival Proposal 2010
- butseee.g.:
Tepper-Garcia 2013,

' ' Oppenheimer & Schaye 2013
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The bulk of NeVIll absorbers are predicted to produce
weak features.
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4.5 — 118

Tepper-Garcia 2013, OWLS Simulation
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In other words, the CDDF is steep |
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There are may more

— Weak (log N<13.7) than

Strong Absorbers predicted.

Rahmati et al., 2016
EAGLE simulation



Low column density systems are really weak (gon
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Flux at line centre
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log N
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Normalized Flux
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The agnostic approach to stacking
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Assume this line is NeVllla.
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Back to the NeVIll absorber restframe.

1.1
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Normalised Flux

os NeVIllb ---
This is our signal |
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But wait. Real data are noisy |

Normalised Flux

S/N for a typical COS
sightline (after rebinning
to our purposes).
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But wait (I1). Bulk of NeVIII has lower column density.
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Now what ?

1.1

Normalised Flux

0.8 -

765

770 775
Absorber restframe wavelength [4]
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This is where the power of stacking comes to rescue.
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This is where the power of stacking comes to rescue.

Normalised Flux

1.1

o
©
I

0.8 -

10

765

770 775
Absorber restframe wavelength [A]

Marseille, Intergalactic Interconnections July 2018

780




This is where the power of stacking comes to rescue.

Normalised Flux
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This is where the power of stacking comes to rescue.

Normalised Flux
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This is where the power of stacking comes to rescue.

1.1

Normalised Flux
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This is where the power of stacking comes to rescue.

1.1
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This is where the power of stacking comes to rescue.

1.1

Normalised Flux
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We beat the noise !

Normalised Flux

0.98 -

But wait () ......

“Pseudo-continuum” not
at flux of unity.

A clear and strong signal emerges.

770 775
Absorber restframe wavelength [A]
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Not all features are truly NeVllla.

Normalised Flux

(That’s the reason for the term ‘agnostic’.)

sl Signal dilution. (Here 50% )
I selection success). 1
0.98 _
i L 1 1 1 | L 1 1 1 | 1 1 L | 1 1 |

765 770 775 780

Absorber restframe wavelength [4]
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We need to estimate the dilution. (thatswhere all the work is.)

Normalised Flux

0.995 —
I How many NeVIl absorbers |
I vs. non-NeVIlll absorbers or |
ity L noise are we picking up ? N
i -> Need to MODEL the |
I selection process i

0.985 1 1 1 L | 1 L L 1 | 1 1 1 1 |

778 779 780 781

Absorber restframe wavelength [A]
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We create mock spectra by modelling NeVIll and unrelated absorption
plus noise, replicating the real data’s flux distribution.

. >

Vous ETes DES BRAVES ! JE Vous N\ A
SOURATTE LA BIENVENUE A MASSILIA
ET J0FFRE LA TOURNEE ! Di LAIT PouUR

Vous, DY PASTIX PouUR Nous !/ =

If you are REALLY interested in the somewhat tedious details, | am more than
willing to talk your ear off......over a proper beverage !

U.UuuUl
1 1.2

0.8

—

Transmitted Flux F

Marseille, Intergalactic Interconnections July 2018



However, one detail is important : We model the
distribution of column densities as unbroken power-law.

sightlines, intrinsic
=10 | . sightlines, fitted —e— A
S components

, v B=-29+01 - -

10919 f(Nnevin)

Tepper-Garcia 2013

10 11 12 13 14 15
-2
10g1o(Nneyi / €m )
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We use a large coherently prepared low-z COS AGN
sample.

An HST/COS Survey of the Low-Redshift IGM. I. Survey, Methodology, & Overall Results

Charles W. Danfarth, (1), Brian A. Keeney (1), Evan . Tilton (1), J. Michael Shull (1), Matthew Stevans (1, 2), Matthew M. Pieri (1, 3), John T. Stocke (1), Blair D. Savage (4), Kevin
France (1), David Syphers (1), Britton D. Smith (1, 5), James C. Green (1), Cynthia Froning (1, 2), Steven V. Penton (1, 6), Steven N. Osterman (1) ((1) University of Colorado, Boulder,
(2} University of Texas, Austin, (3) University of Portsmouth, (4) University of Wisconsin, Madison, (5) Royal Observatory, Edinburgh, UK, (6) Space Telescope Science Institute,
Maryland)

(Submitted on 11 Feb 2014 (v1), last revised 10 Jul 2015 (this version, v2})

We use high-quality, medium-resolution {\it Hubble Space Telescope}/Cosmic Crigins Spectrograg
survey of the low-redshift intergalactic medium (IGM) to date: 5343 individual extragalactic absorptiolT 3
Zahs = 0.75 covering total redshift pathlengths Azgr = 21.7 and Azgyr = 14.5. Our semi-automated line-finding and measurement technique renders the catalog as objectwely defined as
possible. The cumulative column-density distribution of HI systems can be parametrized dN(> N)/dz = C'y4 (N/10"em 2) B-1) with Cy =25+ 1and 8 = 1.65 + 0.02. This distribution
is seen to evolve both in amplitude, C'yy ~ (1 + 2)2.0:0_1_ and slope 8(z) = 1.73 — 0.26z for = < 0.47_We observe metal lines in 427 systems, and find that the fraction of IGM absorbers
detected in metals is strongly dependent on N_{HI}. The distribution of OVI absorbers appear to evolve in the same sense as the Lya forest. We calculate contributions to €2y, from different
components of the low-z IGM and determine the Lya decrement as a function of redshift. IGM absorbers are analyzed via a two-point correlation function (TPCF) in velocity space. We find substantial
clustering of \HI\ absorbers on scales of Av = 50 — 300 km/s with no significant clustering at Av = 1000 km/s. Splitting the sample into strong and weak absorbers, we see that most of the
clustering occurs in strong, Ny > 10em 2, metal-bearing IGM systems. The full catalog of absorption lines and fully-reduced spectra is available via MAST as a high-level science product at
this http URL

Comments: This is the heavily-revised versicn (circa July 2015) of the eriginal paper and archive (circa Feb 2014). Resubmitted to ApJ. 26 pages in ApJ format, 16 figures, and 7 tables in cne heck of a paper. Asscciated MAST
high-level science product at this http URL

For our purposes : 26 sightlines (added a few higher-z objects), Az (NeVIIl) = 7.83
Observed frames : 1150 — 1750 A
Altogether : > 20 000 pixels (rebinned)

Edinburgh Coffee Talk, March 30th 2017



We select pixels agnhostically —only two criteria are needed.

1.1

'MHML | & IWHMN ﬁ M Significance limit :

2 L i . .
= T il o(abs) > limit
% i Weak Absorber search I
= — | Low flux limit : > f, .
: Strong Absorber search I
0.8
E v v & 3
765 770 775 780

Absorber restframe wavelength [A]
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Then we stack......and.....
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Then we stack......and..... come up with a non-detection !

ted Flux F

This is the composite for this specific

choice of CDDF.

Transmitted Flux F

Expected NeVIlIb signal Expected NeVIlIb signal
for f= -250 and fy = 2x10-14 for f= -150 and fp = 1x10~14

Composite spectrum (selection:
Ggps > 1.0, 4850 selected pixels)

TR N T TR NN N N N R 3% N N B |

0'99 1 1 1 1
760 770 780 e St
Lol The signal expected for ONE specific
. C T T T T T T .
- choice of the CDDF
1.005 |-
l . —
0.995 [ -
r Expected NeVIIIb Signal Expected NeVIlIb Signal ]
- for f= =250 and f5 = 2x10-14 for f= -150 and f = x10-14
099 [ -
r Composite spectrum 7]
L (1860 selected pixels) 4
0.985 - =
C 1 L 1 L | L 1 L L | 1 L 1 L 1 L 1 1 1 ]
760 770 780 790 800 810

Rest—frame wavelength [4]
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With such an exquisite S/N,
this is a very meaningful
non-detection.




We can place the currently tightest limits on the
NeVIll absorber population.

10—12 Weak absorber constraint

Strong absorber constraint
Meiring 2013 et al.(+—10)

T TTTTT]

Shallow slopes :
Beware of producing too
many strong absorbers !

Steep slopes:
Beware of producing too
many weak absorbers |

10—15

-3 —-25 -2 -1.5
B
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Combining existing direct detections with our non-
detection via agnostic stacking vields the CCDF with the
highest likelihood.

I | I I I I | I I I I | I I I . .
B Number of direct p = 10% — 7] Thls ConStltUteS the
L detecti comp t 6 - Ve | .
135 L p =20% — | | |first MEASUREMENT of the
' p = 40% — . ..
- 1 | cosmological incidence rate
i 1 | of the NeVIll population !
g —
ol])
2 B _
I 1 |logf 13.7 =-13.99(+0.20-0.23)
I 1 | B=-1.86(+0.18-0.26)
~14.5 —
5 . Yields :
i o ] dn/dz (log N>13.7) = 1.38(+0.97-0.82)
—-2.5 -2 -1.5

Y
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The cosmic density for NeVIll we derive is lower than predicted
by simulations. The estimated baryon density of the
NeVIlll-bearing gas constitutes 4% of the total baryonic mass.

* Integrating the CCDF yields the cosmic density :
* Q oy (12.3<log N < 15.0) = 2.2(+1.6-1.2) x 108
 Compare to Rahmati et al. (EAGLE simulation) :

* Q oy (12.3<log N < 15.0) ~ 6.5 x 108

* Estimating the baryonic mass density depends on metallicity,

ionization fraction, and relative metal abundance :

* 0,=1.8x103x ,(\),'311,3,,, x (10 INe/HI)-1 = 4% of Planck Collaboration’s 2016

re




summary

(i.e. the essentials in case your eyelids were too heavy or you were daydreaming about your favourite team’s World Cup Glory)

* Agnostic Stacking :

* A method to statistically characterise widespread absorber populations with individually weak
signals relinquishing the need to securely identify individual absorbers

* Relies upon doublet nature of metal lines
* Requires modelling of underlying population
* Very versatile (have not elaborated on this aspect here)

* Plans: Mg X (almost done), OVI (to complement existing surveys) ; NV (notoriously difficult), weak HI
* see Pieri et al. 2014 for another application

* NeVIll absorbers at z~0.85 are rare beasts. (Even the weak ones.)
* Meiring+ 2013 : PG1148 very unusual, interesting sightline

* Combining direct detection statistics with our non-detection yields best estimate for CDDF ->
cosmic density of NeVIll appears to be lower than predicted in current simulations

 Estimate of cosmic baryon density of NeVIll-bearing-gas : 4% of Planck Collaboration’s 2016 (),

* See : Frank et al., 2018, MNRAS, 476, 1356 for full details



Extra slides begin here — if needed



Revisiting PG1148 :
Can we have 3 absorbers in one sightline & still see nothing in

the composite ? Yes, but........

1.0 10-12 | p(both) = 0.001% —
- p(both) = 0.002% ]

p(both) = 0.005%

p(both) = 0.01%

13.7)

1.0 10-13 -

PG 1148 is a very special sightline.
e QSO proximity zone fossil ?
* 3 Outflows from 1 galaxy ? Av = 7200 km/s !
e Overdensity of gas-rich, starforming galaxies ?
* More spectroscopic data taking on that sightline is underway.

-3 -2.5 -2 -15
B

fo (at 10g N
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The slope of the CDDF is well constrained, regardless of the
number of confirmed “components” in directly detected
absorbers.

—14

-1.6 | T 4+ T -

o L

-2.2

-13.5 E—

—142— IIIIIII E
}}

-145 |

-15 ‘][ =
| I I | I I I 1 | I 1 L
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+ ]
+

log fi37

Max. prob.

| |
0 5 10
Number of components



There are two paths to NeVIIl.

5. Collisionally ionised “high” density,
T>10° K

logqg (T / K)

Photo-ionised “low”
density, T<10° K

Tepper-Garcia 2013

-6 -55 -5 -45 -4 -35 -3
logq (N / cm ™)
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Testing the procedures for stronger and more
abundant absorbers ()

w————5 T ——— T

Normalised Flux
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Testing the procedures for stronger and more
abundant absorbers (Il)

|||||||||||||||||
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fi37

10-9
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10-11

10— 12

10—13

10—14

10-15

10—16

1017

1018

10—19

IIIIII|T| IIIII|'|T| IIIII|T|'| T TTITm IIIII|T|| T T T 1T

Absorber search 1o upper limits
Slope f: -2.444 (max, strong), —2.04 (max,weak)

——— Slope f#: -2.5 Slope g: -3.0
Slope B8: -3.5

= Slope §: -2.0 Slope B: -1.56
Slope £: -1.0

------ CDDF Rahmati 2015 z=1.0

[y
(4V]

13 14
log Nnevin
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f13.7

10— 12

| | | I | | | |

>1.00 limit >2.00c limit

>3.0c limit

Meiring 2013 et al.(+—10)
All absorption




Data quality after rebinning
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