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Possible Origins

Perytons Burke-Spolaor+ I I; Kulkarni+ 14

Galactic
— Nearby flaring star Loeb+ 13
— RRAT (Rotating Radio Transient; intermittent pulsar)

Extragalactic

—_ Magnetar giant flare Popov & Postnov 07; Thornton+ |3; Lyubarsky 14; Penn
& Conner 15

— NS-NS merger Hansen & Lyutikov Ol;Totani |3

— WD-WD merger Kashiyama+ 13

— Collapse of hypermassive NS Faicke & Rezzolla 13; Zhang 13

—_ Supernova into a nearby star Colgate+ 71,75; Egorov & Postnov 09
— Supergiant PUlSG Cordes & Wasserman |5

— Pulsar-orbiting bodies Mottez & Zarka 14



Possible Exotics

Evaporation of BH Rrees 77; Blandford 77; Kavic+ 08; Keane+ 12
PBH to white hole Barrau+ 14
Superconducting cosmic strings cai+ 12;yu+ 14

AXion stars iwazaki+ 14:Tkachev+ 14
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FRB Events are Growing
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FRB Science will Grow
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GRB Cosmology

Massive star origin = High redshift GRBs

L-I SO FROM THE DARK AGES...
I (e After the emission of the cosmic microwave background radiation (about 400,000 years after the

big bang), the universe grew increasingly cold and dark. But cosmic structure gradually 14 B‘\_\_\QNYEARS
Lo e e rn aevolved from the density fluctuations left over from the big bang. 1270 '
ike Supernov

Star formation

° ° ° Eiagng ‘ v ‘, I
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Metal, Dust ke
D a rk energy ... TO THE RENAISSANCE and black holes

The appearance of the first stars and protogalaxies

L BILLION YEARS

(perhaps as early as 100 million years after the big bang] set off

m ’ o
achain of events that transformed the universe. Z~ I 0_30 Modern galaxies
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Radio Dispersion
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Dispersion Measure

is the column density of free electrons along light path

Dispersion Measure
| Dispersion Measure

........ Reionization
History

i Reionization =~ Recombined electrons

:redshift provide no DM
Redshift K1 03, Inoue 04
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Cosmic DM
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Dispersion Measure
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PHYSICAL REVIEW
LETTERS

VoLUuME 14 21 JUNE 1965 NUMBER 25

PROPOSAL FOR THE DETECTION OF DISPERSION
IN RADIO-WAVE PROPAGATION THROUGH INTERGALACTIC SPACE*

F. T. Haddock
Radio Astronomy Observatory, University of Michigan, Ann Arbor, Michigan
and

D. W. Sciamaf

Department of Physics and Astronomy, University of Maryland, College Park, Maryland
(Received 20 April 1965)

Einstein-de Sitter 1"’;;’02[’0 L
{

—dt,
Steady-state model R
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NATURE VOL. 246 DECEMBER 14 1973 415

Possibility of Determining Intergalactic
Gas Density by Radio Observations of
Flares of Remote Sources

V. L. GINZBURG
P. N. Lebedev Physical Institute,
Academy of Sciences,
Moscow

t(V)=Lju— Lic=e* NpgL{2nmcv? =
1.34 x 103 (NmgL/V?) s
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THE ASTROPHYSICAL JOURNAL, 417:L.25-1L.28, 1993 November 1

RADIO DISPERSION AS A DIAGNOSTIC OF GAMMA-RAY BURST DISTANCES

DAviD M. PALMER

Goddard Space Flight Center, Greenbelt, MD 20771
e-mail: palmer@tgrs.gsfc.nasa.gov

Received 1993 June 10, accepted 1993 August 17

ABSTRACT

If gamma-ray bursts sources emit even a small fraction of their energy in the radio spectrum, dispersion
measurements of this emission would determine the distance to the source and thereby greatly constrain theo-
retical models. If a GRB is at z ~ 1, or is beyond the Galactic center and in the Galactic plane, the signal at
low frequencies (~25 MHz) will be delayed by ~1 hr, which is enough time to allow a radio telescope to be
pointed toward the GRB location. Such a measurement could detect a GRB with Lgagio/Ly-ray = 1077, while
an observation at higher frequencies could detect a GRB with Lg/L, 2 108, both of which are much more
sensitive than the current upper limit of Lg/L, < 1073, A dispersion measurement for an extragalactic GRB
would also observe for the first time the intergalactic plasma, which may be the dominant form of baryonic
matter in the universe.

h
DM, p = 2.64 X 104Q,G,,'q—- [(14+2g,2)"2—1]pcem™3 (2)
0

only for low z
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T B Extended Data Table 1 | Arecibo FRB 121102 discovery and follow-up observations
Mo ! oss/Ne UTC Date Project  Position Receiver ~ Frequency Backend Dwelltime # Bursts
T > T T T;
1,500 [0 ) ?f L - (GHz) (s)
1,450 bl il H{;‘? ,4“{.{ f_ i Survey discovery observations presented in Spitler et al. (2014)
1,400 ) '?J”Y‘Hm 4 2012-11-02 p2030 FRBDISC ALFA 1.4 Mocks 200 1 (Beamd)
1,060 b ,"m ,j'ﬁ;:&}-i\g‘;_ 1 — 2012100 2012-11-04 p2030 FRBDISC __ ALFA 14 Mocks 200 0
1,300 'H "L !‘,..‘4,',‘ i i_ i Follow-up observations presented in Spitler et al. (2014)
1,250 i, ‘p 1{4"1{1‘” N ’_ i 2013-12-09 p2886 FRBGRIDia ALFA 14 Mocks 2700 0
it L] 2013-12-09 p2886 FRBGRID2a  ALFA 1.4 Mocks 970 0
N Burst! B Bust3] 2013-12-09 p2886 FRBGRID2a ALFA 1.4 Mocks 1830 0
o M o5 6 2013-12-10 p2886 FRBGRID3a ALFA 1.4 Mocks 2700 0
1.500 [ERRTER T T 2013-12-10 p2886  FRBDISC 327-MHz  0.327 PUPPI 2385 0
1450 l|;l-,'¢“‘ Tl i 1 Follow-up observations presented here for the first time
1.400 ;v'immm il %\“\m_ i 2015-05-02 p2886 FRBDISC L-wide 1.4 PUPPI 7200 0
1,350 ﬁ“%"-‘-‘;'a”‘* k‘:q‘.ﬂ Ii‘. ke <~ | — s 2015-05-03 p2886  FRBGRID1b  ALFA 14 Mocks 1502 0
1,300 um.' ”.ill\,jil 3(;;' o ‘f \g'r F_J;- ] 2015-05-03 p2886 FRBGRID2b  ALFA 1.4 Mocks 1502 0
1250 [ R it M L 2015-05-03 p2886 FRBGRID3b ALFA 1.4 Mocks 343 0
. 2015-05-03 p2886 FRBGRID3b ALFA 1.4 Mocks 1502 0
T Bust4] Bursts 2015-05-03 p2886 FRBGRID1b ALFA 1.4 Mocks 921 0
, 048 2015-05-05 p2886 FRBGRID1b ALFA 1.4 Mocks 1002 0
506 ;P"\H,'“W‘? o gl. W ﬂ'r‘— "‘- W .i"f";‘&\‘;_ 2015-05-05 p2886 FRBGRID2b  ALFA 1.4 Mocks 1002 0
10 [ ‘h‘i"ﬁ "‘5 'v“,* Q;;M H‘ "L'”Jri"' * 2015-05-05 p2886 FRBGRID3b  ALFA 1.4 Mocks 1002 0
1.a00 At TR ! s o 2015-05-05 p2886 FRBGRID4b  ALFA 1.4 Mocks 1002 0
500 P 4,4“ flgm i o 1“:\5“.i ,,., __ bsrms 2015-05-05 p2886 FRBGRIDSb ALFA 1.4 Mocks 1002 0
100 B4l mn., PG .\'f‘f.._ [k iy [ et Spitler+ |6 2250505 r2886 FREGRIDG ALFA 14 Mocks 1002 0
PG {.{ "‘Iﬂf] t,mj: ."f}m. ?#..Wmﬂ\ | Plt er 2015-05-09 p2886 FRBGRID1b ALFA 1.4 Mocks 1002 0
L S ALY A 2015-05-09 p2886 FRBGRID2b ALFA 1.4 Mocks 1002 0
T Burst® PR i; st'7 T Burst® 2015-05-09 p2886 FRBGRID3b ALFA 1.4 Mocks 1002 0
e e . 2015-05-09 p2886 FRBGRID4b  ALFA 1.4 Mocks 1002 0
— i ‘“1“ i w rrlr.n T - 4_1 i i mm. H' i 'rm\_ N 2015-05-09 p2886 FRBGRID5b  ALFA 1.4 Mocks 1002 0
’ ]“,'ur,.' ,,W Lt w’}“g? i vg', xmwﬂf ,x,‘q. 2015-05-09 p2886 FRBGRID6b ALFA 1.4 Mocks 1002 0
1,450 Pl iy u' 4"I| i It \‘\”:\\)\ T MI '” ||| J‘:lr ! il H‘ o 7 2015-05-09 p2886 FRBGRID6b ALFA 1.4 Mocks 425 0
1,400 by '.",‘ L 1',3"#”"‘:, T ..H.. R by i s 1 2015-05-17 p2886 FRBGRID1b  ALFA 14 Mocks 1002 0
1,350 IRt ‘ ‘ ;.'v" ﬂf mm!..u:w 1 2015-05-17 p2886 FRBGRID2b ALFA 1.4 Mocks 1002 2 (Beam6)
1:300 ‘i‘,lfl ,':‘,‘ L‘ - 2015-05-17 p2886  FRBGRID3b  ALFA 1.4 Mocks 1002 0
1,250 i i . 2015-05-17 p2886 FRBGRID4b ALFA 1.4 Mocks 707 0
Bt 1 (; 2015-05-17 p2886 FRBGRID4b ALFA 1.4 Mocks 391 0
L SIN 2015-05-17 p2886 FRBGRID5Sb  ALFA 1.4 Mocks 1002 0
T .‘,‘..M e A 2015-05-17 p2886 FRBGRID6b ALFA 1.4 Mocks 1002 0
1500 "‘wrﬁ,\-”' i 5"} ;‘L 2015-06-02 p2886 FRBGRIDIb ALFA 1.4 Mocks 1002 0
1450 R T T i 2015-06-02 p2886 FRBGRID2b ALFA 1.4 Mocks 1002 2 (Beam6)
1,400 V -Myuim ‘é RS 2015-06-02 p2886 FRBGRID3b ALFA 1.4 Mocks 1002 0
1,350 | Y i i 2015-06-02 p2886 FRBGRID4b ALFA 1.4 Mocks 1002 0
1,300 (A1 EL e 2015-06-02 p2886 FRBGRID5Sb  ALFA 1.4 Mocks 1002 0
1,250 P ; i) wu“‘n-.ftal."- 2015-06-02 p2886 FRBGRID6b ALFA 1.4 Mocks 1002 6 (Beam0)
—40 _éo 0 20 40 ;40 20 0“2‘0 4‘0| ‘_40 _20 "0 2015-06-02 p2886 FRBGRID6b ALFA 1.4 Mocks 300 0
Time (ms) Time (ms) Time (ms) The observing setup of these observations is described in Methods. Data from ref. 4 and this study.
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A FRB is Cosmological!
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Hosts for Non-Repeaters
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- Galactic FRB from
Magnetar Bursts

A smoking gun! Magnetar: One of the origins
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Hosts for Non-Repeaters
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Host galaxy redshift

Host galaxy luminosity distance (Gpc)

Burst energy (erg Hz-1)
Host galaxy stellar mass (Mo)

Host galaxy star-formation rate (Mo yr-!)

Ravi+ |9

0.660(2)
4.08(1)
5.6x 103

1011.07(6)

<l.3



Declination (J2000)
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Host of FRB 180916

+65° 437 057 FRB180916.J0158+65
— p 3 g2 host for repeater
+ / : .

0s 055 0. z=0.0337
il Massive spiral
— Star-forming region

. No luminous radio
+65° 42’ 45"

Diverse host
galaxies

+65° 42’ 40”7

Right ascension (J2000) .
Marcote+ 20 See also Li+ 19



Declination, J2000

a HG 180924 (g-band) b HG 181112 (g-band) : : : : _
FRB Time DM Rotation measure Fluence Rightascension Declination Host Offsetfrom
_52o 58' 12” (utcy (pcem™)  (radm™) (Jyms)®  (h:min:s)® (degree:arcmin:arcsec)® redshift :\;st)nucleus
’ " Liae
—40° 53 58 180924 16:23:12.6265 361.42(6)  14(1) 16(1) 21:44:25.255 + 0.006 + 0.008 -40:54:00.10 + 0.07 £ 0.09 0.3214 35+09
181112 17:31:15.48365 589.27(3)  10.9(9) 26(3) 21:49:23.63+0.05+0.24 -52:58:15.4+0.3+1.4 0.4755 3.11?;7
190102 05:38:43.49184 3636(3) 110 14(1) 21:29:39.76 + 0.06 + 0.16 -79:28:32.5+0.2+0.5 0.291 15134
14” 190608 22:48:12.88391 338.7(5) = 26(4) 22:16:04.75+ 0.02+ 0.02 -07:53:536+0.3£0.3 078 70£13
54’ 00" 190611  5:45:43.29937  321.4(2) - 10(2) 21:22:58.91+0.11+£0.23 -79:23:51.3+ 0.3+ 0.6 0.378 172149
190711 01:53:41.09338 593.1(4) = 34(3) 21:57:40.68 + 0.051+ 0.15 -80:21:28.8+0.08 + 0.3 0522 1598
The FRB detection pipeline makes use of the DBSCAN algorithm?, as implemented by ref. %, to mitigate RFI and reduce the frequency of false-positive FRB triggers.
“Burst arrival time referenced to a frequency of 1,152 MHz.
16,, Quoted errors on the last signifi digit of the fl a90% i limit.
“Errors listed after the burst position represent the i inti and bined in forafinal absolute positional uncertainty.
02"
4.7 kpc 18” S K P
04" = A A
1 arcsec
6km baseline, FOV=30 deg?, A06<0.5”
21 h 44 min 254s 25.2s 25.0s 21h49min 238s 236s 234s < aseline ’ - eg ’ .
256s 24.0s
c HG 190102 (g-band) d HG 190608 (g-band) [ °
-7° 563’ 51" ,vers,t
z=0.117788
-79° 28’ 30"
V4
54" /,
32" 1.01 7
/
/
W
S77T 0.5
34" .
DNS
4.4 kpc !
P 54’ 00” 0.0
o 1 argsec o
)
T
21h29min 40.5s 40.0s 39.5s 39.0s 385s 22h16min  05.0s 048s 04.6s o
41.0s 05.2s E —0.51
e HG 190611 (i-band) f HG 190711 (i-band) [ |
3
n
v &0 i
-80° 21’ 26” —1.0
-79° 23’ 45" =
48" 28” —1.51
HG121102
s —+o+ HG180924
& 30” 2.0 == HG181112
: -+~ HG190608
£ == HG190102
-0"- HG190523
32 -=2. 5 T T T T T
8 9 10 11 12
21 h 23 min 22m58s 56's 21h57min  41s 40s log (M./Mo)
00s 42s

Right ascension, J2000

Macquart+ 20

Bhandari+ 20
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Host Galaxy

207 ¥ One-off FRBs (Sample A)
{ One-off FRBs (other)
157 & Repeaters
Broad range
10 green valley?
|
S, 0.5-
= WD?2, NS?,
0.0 -
g_’ i AICWD,
2 05 # O : CCSN
N 1 not LGRB
& ¥ not 121102
= i
8 9 10 11 12
Heintz+ 20 log (M./Mg)

see also Li & Zhang 20,Wang+ 20
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Host Galaxies by HST

FRB180Y24 F300X

FRB180924 F160W

00 Y
'\."
‘ sl
[ -
t
02+
'
034
#25.4° 253°  282° 25,

Right Ascensson (J2000)

FRB lQI‘PfM F300X

3 id
‘e
"
54'00° {
22M6%05.2¢ 04.9¢ 4.7
Right Ascensson (J2000)
FRB190714 F300X
f
13'01'14
B
E 16"
=
£

Right Ascensson (/200

Right Ascension (200

FRE190608 F160W

2M16%05.2¢ 04.9¢ 04.7¢

Right Ascension (J2000)

FRE190714 F160W

35.0¢

Right Ascension (J2000)

FRB190102 F300X FRB190102 F160W

FRB121102 F160W

7902828 { ©

’
'
l
A \
y h<
v {
= 1
: i
21%29%41 40t kL o 3¢ 21h2941¢ 40* 39

Right Ascensson (J2000)

Right Ascension (J2000)

!'RB‘QOTI[F!O“K FRE190711 F160W

-80°21

- ¢ "2
I | \‘
200 ' y i :
= -
g . |
i ¥ .
= “
& 07y 4 4
< . e . V
i e |
5 00- 21 5 4100 40.5¢ 40.0°
10) Right Ascension (J2000)

FRB191001 F300X FRE191001 F160W

144450 {

o o)
> .
: ) e
£ 58 3 “
2 T
B .
4
4500
21%3325.0¢ 24.0° 5.0¢ 24.5¢

Right Ascensson (J2000) Right Ascension (J200

33°08'54"

s

g

S 53

s

£

2 s
g

FRB180916 F110W

65°43'10" "y
-
- _ oo
S
S
S
=4
g
-1 .
2'50" .
»
1 40
' [ e
5431m58.8° 58.7° 58.6° 1h58mQ2+ 00

Right Ascension (J2000)

Median offset

~1.4r half-light

Not highest * density

(not youngest)
5/8 shows spirals
(little kick)

Mannings+ 21

Right Ascension (J2000)



DM for FRB 190608

RM=353
- rad/ m?2
| Galactic Galactic Cosmic 11
300_: ISM Halo _ 300
NE2001 Prochaska D M host & [
250 & Zheng 19 [ 950
: SDM |
cosmic | |
200
DMgre(2)

=DMpmwism

Cumulative DM (pc cm™3)

-

S

Cc
|

50 —__”,,/””’ 50
0:/ T T T 1T LA L LI, I LRI -0

T L L T L T ™
1071 10° 10! 10? 0.1 0.2 0.3 0.4 0.5
Simha+ 20 Distance (kpc) Distance (Gpc) z=0.11778
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Electron Distribution

Perseus

> are here

Galactic center

NE2001|; Cordes & Lazio 03, see also Yao+ |7

Greyscale with log levels

30 X 30kpc at z=0
Structure components
Thick & thin disks

Spiral arms (incl. molec. ring)
Galactic center comp.
Local ISM

Individual clumps & voids
Propagation effects
Dispersion measure
Pulse/Angular broadening
Scintillation bandwidth
Emission measure
Distance estimates

- Hl absorption

- Parallax (interfero. or timing)
- Associations w/ GC or SNR
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DMMilky Way, halo

50~80 pc/lem?

e
o
e

solid: 1=0, b=90

YF17

—-— - DMov1

dotted: 1=280.5, b=—32.9 (LMC)

—— mNFW: yg =2, = 2

Cumulative DMpyw halo from the Sun (pc/cm?)

¥ DMijic

e

(Y
—

s (kpc)

high-velocity clouds, Oy, abs., DM yc
hydrostatic gas

Prochaska & Zheng 19

. 30~245 pclem?

EMy: spherical + disk-like hot gas
Yamasaki & Totani 20

see also Dolag+ |15, Platts+ 20
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1200

pc)

-3

Observed dispersion measure (cm

200
Petroff+ 2|

FRB by K. loka

Observed DM-z

38

1000}

800}

600}

400}

Vertical line: Expected DMg,jactic NE2001

—190614

—190523

N
o = B
— i<t — o
i O+ o0 (@)}
N O~ ~ i
- o T T
® oo
a ol
S = -
o 2 )
o S o
o S —
7 !
~200
0.1 0.2 0.3 0.4 0.5 0.6

Host galaxy redshift

0.7
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FRB in a Globular Cluster

Not a magnetar?
or Accretion
-induced collapse?

Table 3. Notable properties of [PR95] 30244.

69°10’

Dec (ICRS)

Property Value Reference
Metallicity log[Z/Z] -1.79°8 this work

05’ Metallicity [Fe/H] -1.83086 this work
Stellar mass log[M/M,] 5.78%5, this work
Effective radius (Reg; kpc) 3.7 this work
Mass-weighted age (Gyr) 9,13327, this work
(u—-r)§ (AB mag) 1.96(2) Alam et al. (2015a)
E(V-B)® 0.19°9, this work
o, (kms™') 22 this work

00’ Absolute r-band mag. (AB) -84 -
Luminosity distance (Mpc) 3.6 Karachentsev (2005)
b Milky Way extinction is corrected using the

reddening map by Schlegel et al. (1998). K H 2 I
Using R, A1 Irsten+
68°49'20" R
68°55'

10"

68°49°02"

o

.

Dec (J2000)

01"

Dec (J2000)

’ ey
50 48750 00"

10"00™ gh5gm 5gm
Bhardwai'l' 2 I RA (ICRS) o518’ 56" 54 52* PSTTSS0F S48 46 S544°

RA (J2000) RA (J2000)




DMhpaio [pc cm™3]
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LOW DMh ost

DM 37 for r>>rpq;

m—= MP17, fp halo = 0.40

DM = 88 pc cm-3

__________ : —— MP17, f =0.75
100 T ——es :

. f‘~~ - L] MBO4, fb, halo = 0.40

b N [ | MBO4, fb, halo = 0.75

901 i TT=~l P99, rc = 0.86 Raoo

80- —+ DMas =23 pecm? DMMV\/’ISM= 35_40

DMexcess =18 pc cm™ .
701

60-____%__%_ _________ DMMVV,han~ 30

50, \\“

o ———— DM _mic ~ |

30 f————
= -~

DM g, ~ 20

10 —_— - - - -
10 15 20 25 30 35 40 45 50

Bhardwaj+ 21 Ry Lkpc] DMMW,han <53

If we can select such FRBs, we can do better cosmology



Flux Density [Jy] SIN SIN

Flux Density [Jy]
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M87 FRB i1s

on burst
off burst

-40 -20 0 20 40 60

10!

10°

-20

T
-10 0 10 20

30

40

50

Nimmo+ 2|

T T T T
10 12 14 16

Time [ps]

18

Signal-to-Noise Ratio (S/N) Signal-to-Noise Ratio (S/N)

Signal-to-Noise Ratio (S/N)

Nano Second

60 ~—————

| -
s0] @ cs5 — Stokes || | 350

40 -
30 4
20
10 50
0 -0
PR [ Y SR N ST SR T S NN ST S SR S NS ST ST S T S S PR (O TR RN ) =3
60: LANLINNLINEL N N B S TN Za B ML B ENL EREN AL U L L L L [ ) F
=% LI —or] |
{ Majid+ 21 ]
40 s
30 - -
20—3 _
104 3
6 2
¥ I T S IS SR SN TR N T SR ST S SR ST S A ST S S NN SR ST S S NN S S TR SR S SR SR S T =
GO: L A Y R 'y T L T B T T (T R F
BE —=|
40~ 8
30 2
20 -
10 2
0- -
[ I Y TN SN N ST SR TN TR NN TN SN S S SN T TN SN TN AN N TN ST A (NN SN TN SN SO (Y SO MUY ST SN N ST ST U S =
-20 -15 -10 -5 0 5 10 15 20
Time (us)

At < 62.5 ns!!
* CHIME abandons At<~ms

(Ar) Ausueq xni4 eed



Spectral Luminosity [erg s7! Hz™1)
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, =10%
1017 L s
8 190523 @  ASKAP  lyov
105 > FRBs
103 FRB 20190711A Q a 35
Y @ 10
X X 1013} L 34
% *® 103
109 < G ]
o % 2 FRB 201809168 't @ DSN-C4 P .o(‘b. 121102
- * X x = %~ DSN-BI"§ §#¥> 10"
FRB 20200120 (this work) *'-** . 10°t 8 X ¥ 180916 2
RS -0 200120E e 1102 &
10 X SGR 193542154 .—% 107t A&, ® CHIME = =y
% i = Crab {107 o3
- RS H
e 3 e | 5 °p'g Nanoshot Crab 1935+2154 o =
x/“}i‘)‘-“i. E 3 d =
)}‘o)ﬁ~ 2, 10 ﬁ N
101 7% 9 (D) < J102 L
el —
o'F & $ B1937+21 o
10% 101} GPs
1 +€ {10
il 103} $
110"7
10 T |‘ T T 105 P X\\ '\,\\«é- * 7z
10-° 1077 10-* . 1073 107 10! N Pulsars e {1015
Transient Duration (v W) [GHz s] l0.7 1 | g : 2 & L L L L
Nimmo+ 2 | 101 10° 10® 107 10°% 10° 10* 10% 102 10! 10° 10!

YW (GHz s)

Majid+ 2|

between ~Crab nanoshot & extragalactic FRBs!?
* CHIME abandons At<~ms



Host Redshift z
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ery High DMhost
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Table 1: Properties of FRB 190520B

Source name

FRB 190520B

0.7 1 « Galactic | Extragalactic -
: iu+
et o e Niu+ 21
0.6 1
0.5 - : . .
| ery similar to
; FRB 121102
0.3 1 = ._, —O—
FRB190520 excess
o= == -
021 e -8 FRB121102
i o= —o-
0.1 o o—— —- DM-z
* MW disk
- @ - F+ MW halo
i ; O One-offs
0.0 o—u— o
« Galactic | Extragalactic - Repeaters
300 150 0 150 300 450 600 750 900 1050

Dispersion Measure (pc cm™3)

Measured Parameters

Right Ascension (J2000)
Declination (J2000)

Galactic Coordinates (1, b)
Number of detections?
Dispersion Measure ( pc cm™)
Measured width (ms)

Scattering timescale (ms) at 1.25GHz

Scintillation bandwidth (MHz) at 1.4GHz

Measured fluence (Jy ms)
DMuw ( pc cm™)°

DM ( pc cm™)
Luminosity distance (Mpc)
Isotropic energy (10%” erg)
Persistent Radio Source
Right Ascension (J2000)
Declination (J2000)

Flux at 3.0 GHz (uJy)
Host galaxy

redshift (z)

Mo ©

He luminosity(10%° erg sec™!)

SFR (yr!)d

16"02™04°.266
-11°1717".33
359°.67,29°.91
81

1210.3+0.8
13.5+1.2

98 + 2

0.29 + 0.15
0.03t0 0.33
60, 50

90278,

1218

3.6 to 40

16"02™04.259°
-11°17'17.38”

202 +8

0.241 + 0.001
~6x10%
7.4+£0.2

~0.41 Mg
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High z host dependence

DMpost o< (14 2) x (14 2)~°

Time dilation Redshift
DM o« v-2

Negligible at high redshift

44
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FRB Cosmology

KI 03, Inoue 04
encllO? i
o : 05xDMm x(7)
® Missing baryon (), : |
. . . 1L &8%10* — —
® Reionization _ :
° IE: : D MIGP ______ i ;el_o_:_ 1_7_ -
® Cosmological E .
oF L
parameters, . - e e
HO’ Qm’ QA 5000 :— _________ " ey D -
3cH <2 Z 1+z)dz i 0. 1><DMm x(z) —
DMg; = . bfo ( ) 2 ol L
8aGm, [Q (1+Z)3 "'QA] 0 10 20 30
o C(1+Z)fz i Fast radio borsts
L™ 1/2
H, Jo [ 0, (1+2) + QA] as cosmological tools

New frontier!!
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DM

DM(®: 2.) /ZSCdz (r2)(1+2).
< Nelr, < <)
5 o H(2) )
0.95
ne(r;z) = fe(z) [1 + 8e(r; 2)]
. fe(z) 0.9
fluctuation
) I 7 0.1
le total — X p —
“elil ( A 2 p) mp 0.05
H He
0

T ) B— fe (2) ﬁe,total

free electron fraction

PDM(0:z.) = W(zs) + 6DM(0; ;)

47

COSMIC

Takahashi, Kl, Mori & Funahashi 21

! ! ! ' ! ! !

S —
$ TNG300-2
“TNG300-3
fitting curve
| | |
l ' l ! | ! | ! |
| | I S
0 5 4 6 B
yi

H reionized @z~6
He Il reionized @z~3
e into * & BH @z<3
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DM from IllustrisTNG

O DM at = 1
£ [pc/cm?)
500 1000 2000 3000
CY) [deg] 0
Nelson+ 19 =z 7
—
4.0
g
S
8 2.0
o
' 0.0
0.0
5.0

4.5




DM/z (pc/cms)

Takahashi+ 21

2021711719
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1500

1000

500

0
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DA 1(:osmic & GDM
‘\ | | |
\ simulations
pt NG300-1 DM~1000z
H TNG300-2 _— 112
[ TNG300-3
an I O-DM~23OZ
JES Y NN pintoy g
= | | _______] SeeTakahashi+ 2l for
RS theoretical curves
». i theory
L | // mean _”g 500 |- i
/ +10 --=--- g 400 - .
/ 2o
/ X 300} -
| | | | | 200? theory B
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R(k) <k’ (Mpc/h)
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What Determines Gpy,?

III| ! IIIIIII| | IIIIIII| L III| | IIIIIII| ! IIIIIII| L III| ! IIIlIII| | II[IIII| L

103k %= | z=04 | z=0.7
§ § : * & AGN
: ? ? 1 feedbacks
2| | ,
107 > ~ | M SUpPpress
ho ¥ fitting curve Ao TNG300-2 Xoul]
F i TNG300-3 7\  <Mpc
_[lll Ll llllll| i III|I| J', ﬂ _llll Ll IHHI Ll |I|[ll| ','l | J;r _IIII | :I:Nﬁlsolol_l‘llmlD”ark "_
_[_lll Il ||||||| [ ||||||| L I_ —|||| L |||l|l| Il |||[|[| L |_ —|||| Il |][|||| L ||||||| [ |;i Power
| z=1 i (5500, - z=3 :
& § S 5xP(Q) &
10°| BT i F D A F &£ ‘- affect OpM
5 11 | by 2x
- AQ.'. ;\ -
® / g | : , i
101 [lll Ll l|l||l| L1 | III|I| "“I L |I|| Ll IIIIIII Ll IIIIIIL:" l .f':l IIII L1l ][llll L1 | [|11";| |.::I | fitting Curve

0.1 1 10 0.1 1 10 0.1 1 10 = Halofit +
k (h/Mpc) correction



Order Estimate

DM 3cHyy /Z (1+ 2)dz
2 (

8rGm,, m(1+ 2)3 + Qp]1/2
36H0Qb
87TGmp
~ 1000 2
1 op
o ~ DM
o VN p
1 2
~ DM X X g
\/62Gpc/0.6 Mpc 2
1
~ 1000 z X X 25
v/10000 z

~ 250 z1/2
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DM Distributions

52

L]

.

i

| |nn'|‘_“T~-F,,

=0.4 z,=0.7 z.=1 z.=1.5
|I|[| |I | I |III|I Illlllllll I II|III|IIIIIII
M .. | log—normal iy
{1l TNG300-2 A g Ny
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| '?i |
Ii]
|
I
| )
| b
] y

||||||||l?“”|*w—

200 400 600 800

— | 1
2=0.5/", simulation
] il fitting formulas
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bt | I | P Y p—
200 400 600 800 1000

DM (pc/cma)

400

1200
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Takahashi+ 21
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Cosmological Simulation

DM values from the simulated local universe
DM values from the NE2001 Model out to 110 Mpc

Jett08

| e— | — =-3p

DM values from a simulated galactic halo D0|ag+ I 4
5 kpe - 500 kpe

G0 e— w— 07 5 [pe/ca~3)

DM, .,,~30pc/cc~DM,,
Distribution of DM

cosmo
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DM Distribution

Dolag+ 14
1.0 T T T T T T T T ] T T T T I T T T T
L — Random
i — Stars (mass)
0.8 i IR e
Y I L) O W SMBH .
Q6 i i .
— O-x - B
|
0.4 ' i .
0.2F : \ =
&0 )
500 1000 1500 2000 0.0 0.5 1.0 1:5 2.0
DMcosmo [pc/cmj] chu

Distribution is consistent with extragalactic origin

see also Shirasaki+ |7, Pol+ 19, Jaroszynski+ 19 (lllustris)



Observed DM

55

Distribution

2021/11/19
c 1.0
i=)
et
(&)
Y 0,5 -
Q
v
- Fiducial model x selection
j Raw catalog
40 4
v 304
B
c
=
Q
o
20 A
10 1
o ' LB iy
10?2 103
DM (pc cm™3)

DM x Probability density

0.8 1

0.6 1

0.4

0.2 1

0.0

CHIME/FRB 21

= Fiducial model
jm Selection-corrected catalog

10 | 10°
DM (pc cm™3)

~ lognormal as expected
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Macquart+ 20

1,000

——DM_ i@ Planck15 cosmology
= FRB 180924 o
= FRB 181112 gﬁfd
8001 = FRB 190102 cosmic
= FRB 190608
- = FRB 190711
e FRB 121102
G 600- FRB 190523
a FRB 190611
§ -
S 400 -
=
QO
200 2 . "
The real
FRB cosmology!
0 : : : . . :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

ZrRB
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A Census of Baryons

7 b
1.0}
0.2} ] ;E |
1 ......... ;% 06| a:
0t — g DM, .. log-normal
o g median e", log width oy,
3 F: Baryon feedback
0.04} 0.2}
000l (0.1 strong, 0.4 weak)
s =s— Green dot: 0,=CMB+BBN
Contours: 10%
1.75 8
1.25 b:
075 Orange: CMB+BBN
Blue: F[0.09,0.32]
17500 Red: F[0,0S]
sl Dot, Dot-dashed: 68 & 95%
00 02 05 674 DS 000 002 0. 06 .08 o.251.25 o L Macquart+ 20

F Q.h o,

o0 e (pc cm™)

host
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Dark Energy & Q_
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Hubble Constant
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He Relonization

T T I

T I T T I |

Hell reionization

Zhengt 14
Deng & Zhang 14
Zhou+ |4

HI & Hel reionization

| | | | L 1 1 | | I

o

@

HIl: 3.6 eV
He |: 24.6 eV
He 11:54.4 eV
Hell reionized @z<3

Hell reionization:
f=1-(3/4)Y~0.818
— 1-(1/2)Y~0.879

Caleb+ 19, Linder+ 20, Lau+ 21,
Bhattacharya+ 21, Dai & Xia 21
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Angular Power Spectrum
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Angular Correlation

CHIME
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| DM<500 pc/cm?
210 FRBs

Still large
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Cross Correlation
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Table 3. Summary of the Fisher forecast of the cosmological and astrophysical parameters by the cross-correlation analysis with DM and dark matter haloes. We
2021/11 assume an effective survey area to be 20000 deg? used for the analysis. We consider three mass-limited samples with M > 10'2, 10'3 and 10 A~! M, at five 64
separated redshift bins covering up to z = 1. For a hypothetical FRB catalogue, we examine three cases of (7iprs, A @prp) = (1deg=2,3’), (0.1deg2, 1) and
(10.0 deg“z, 10"), where iR is the average number density of FRBs and A Ggrg is the localisation error for each FRB. In each table cell, the number without
brackets show the 1o constraint of single parameter when we marginalise other parameters, while the number in brackets is the marginalised error divided by
the fiducial parameter in percentiles. We highlight the limit within a 5% level of precision in black bold, while the red bold font represents the limit better than a
1% level of precision. The details of the Fisher analysis is provided in Subsection 4.4.

Parameters €max = 3000 w/o prior  €max = 3000 W/ prior  €pax = 10000 w/o prior  €max = 10000 w/ prior

AR = | deg'2 and A @grpg = 3 arcmin

h 0.0646 (9.61%) 0.0354 (5.26%) 0.0590 (8.76%) 0.0342 (5.08%)
wo 0.0422 (4.22%) 0.0389 (3.89%) 0.0396 (3.96%) 0.0371 (3.71%)
Qm 0.0126 (4.00%) 0.0109 (3.45%) 0.0117 (3.71%) 0.0102 (3.23%)
Q, 0.0094 (19.05%) 0.0057 (11.64%) 0.0085 (17.26%) 0.0055 (11.22%)
oy 0.0118 (1.42%) 0.0088 (1.06%) 0.0112 (1.35%) 0.0085 (1.03%)
ng 0.0223 (2.31%) 0.0181 (1.88%) 0.0191 (1.98%) 0.0160 (1.65%)
log 77 0.0129 (1.51%) 0.0084 (0.98%) 0.0120 (1.41%) 0.0079 (0.93%)
log M. 0.0227 (0.17%) 0.0218 (0.16%) 0.0212 (0.16%) 0.0204 (0.15%)
log8 0.2973 (48.60%) 0.2915 (47.65%) 0.2399 (39.21%) 0.2365 (38.66%)
Ae,norm 0.2765 (27.65%) 0.1425 (14.25%) 0.2498 (24.98%) 0.1377 (13.77%)
@ 0.0277 (0.79%) 0.0270 (0.77%) 0.0270 (0.77%) 0.0263 (0.75%)

figrg = 0.1 d.eg‘2 and A @grg = 1 arcmin

h 0.1457 (21.67%) 0.0483 (7.19%) 0.1117 (16.60%) 0.0451 (6.71%)
wo 0.1061 (10.61%) 0.0885 (8.85%) 0.0826 (8.26%) 0.0723 (7.23%)
Qm 0.0309 (9.80%) 0.0222 (7.04%) 0.0237 (7.53%) 0.0177 (5.61%)
Qp 0.0191 (38.85%) 0.0077 (15.70%) 0.0141 (28.72%) 0.0072 (14.69%)
oy 0.0282 (3.39%) 0.0171 (2.06%) 0.0233 (2.80%) 0.0145 (1.74%)
ns 0.0529 (5.49%) 0.0351 (3.64%) 0.0304 (3.15%) 0.0212 (2.20%)
log 77 0.0297 (3.47%) 0.0159 (1.87%) 0.0227 (2.66%) 0.0113 (1.32%)
log M. 0.0535 (0.40%) 0.0500 (0.37%) 0.0365 (0.27%) 0.0353 (0.26%)
log 0.6753 (110.39%) 0.6540 (106.92%) 0.3248 (53.09%) 0.3177 (51.94%)
Ae norm 0.5906 (59.06%) 0.1644 (16.44%) 0.4377 (43.77%) 0.1575 (15.75%)
@ 0.0681 (1.95%) 0.0630 (1.80%) 0.0591 (1.69%) 0.0544 (1.55%)

AFRB = lOdeg‘2 and A @ggp = 10 arcmin

h 0.0599 (8.90%) 0.0335 (4.98%) 0.0598 (8.89%) 0.0334 (4.97%)
wo 0.0427 (4.27%) 0.0400 (4.00%) 0.0424 (4.24%) 0.0398 (3.98%)
Qm 0.0130 (4.13%) 0.0105 (3.33%) 0.0129 (4.08%) 0.0104 (3.30%)
Q 0.0081 (16.54%) 0.0051 (10.46%) 0.0082 (16.60%) 0.0051 (10.43%)
oy 0.0125 (1.51%) 0.0088 (1.06%) 0.0125 (1.50%) 0.0088 (1.06%)
ng 0.0227 (2.35%) 0.0189 (1.96%) 0.0227 (2.35%) 0.0189 (1.96%)
log 77 0.0174 (2.04%) 0.0119 (1.39%) 0.0173 (2.03%) 0.0118 (1.39%)
log M, 0.0220 (0.16%) 0.0208 (0.16%) 0.0220 (0.16%) 0.0208 (0.16%)
log 0.3397 (55.53%) 0.3356 (54.87%) 0.3400 (55.59%) 0.3359 (54.91%)
Ae,norm 0.2549 (25.49%) 0.1365 (13.65%) 0.2558 (25.58%) 0.1366 (13.66%)
@ 0.0241 (0.69%) 0.0237 (0.68%) 0.0241 (0.69%) 0.0237 (0.68%)
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Circumgalactic Gas?
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DM-Galaxy Correlation?

x10—5 3 kinds of galaxy catalog
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DM X Sunyaev-Zel’ dov1ch
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Event Rat
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Event Rate by CHIME
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Event Rate by FAST
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Gravitational Lensing
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Munoz+ 16, see also Sammons+ 20 for the first trial




A Directly from Lensing

D ~ Gpc ~ 3e27 cm

r. ~ 3el7 cm for a galaxy

Einstein radius
re~ (D r)!?~3e22 cm

9 ~ I"E/D ~ IO-S

AT ~ 02 D/c ~ 107 s (ecH,)
At/AT ~ 1019 [~ 1yr/10'%r]
Direct detection of cosmic acceleration

also can reach k < 0.076

Li+ 18, Zitrin & Eichler 18,Wucknitz+ 21
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Halo Magnetic Field
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Pulse Scattering
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Below Galactic Scattering
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FRB from a Magnetar!

Fast radio burst 200428
— STARE2, CHIME
— ~Mly, ~msec, E, 4.~ 103 erg

Magnetar SGR 1935+2154 in our Galaxy

With X-ray bursts
— Ex~10% erg, E,~80 keV, Ex/E, 4~ 10°
— Other FRBs are >108 times fainter

Cosmological FRBs are also magnetar bursts!?
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Non-Repeater & Repeater

14 14
w7 Non-Repeating @A Non-Repeating
Repeating (All Bursts) Repeating (Avg. per source)

12~

129

10 1 10 -

8 - 8 1
6 6
4 4 4
2:4 5ia
0 - ; ; . 0 - T . . .

5 10 15 20 25 5 10 15 20 25  ~ME+ |9
Pulse Width (ms) Pulse Width (ms)



@A Non-Repeating
Repeating (Avg. per source)

16 - mzm Non-Repeating 16 -
Repeating (All Bursts)

14 14 A

12 7 12

10 - 10 A
8= 8-
6 -
4 4 -
29 27
0 I 1 1 1 0

0 10 15 20 25 0

Pulse Width (ms) Fonseca+ 20

5 10 15 20 25
Pulse Width (ms)




2021711719 FRB by K. loka 84

FRB Morphology
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Figure 7. Dynamic spectra (“waterfall plots”), frequency-averaged time series and time-averaged spectra
for all one-off FRBs in the Catalog, ordered by time. The TNS name and best-fit DM in units of pccm™3
are in the top right corner of each panel. Model fits are overlaid on the time series and spectra, in green
(thin lines) if scattering was not significant and in blue (thick lines) if scattering was significant. The blue
shaded regions in the time series and spectra indicate the burst durations and emission bandwidths FWTM,
respectively. Bursts indicated with an asterisk are published repeaters, for which only one burst was detected
before the Catalog cut-off date. Panels for all catalog one-off bursts can be found at https://www.canfar.
net/storage/list/AstroDataCitationDOI/CISTI.CANFAR /21.0007 /data/additional figures/waterfalls.
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Magnetar or Not?

Yes No
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Table 6. For each extragalactic transient, the number of comparisons made to
magnetar, pulsar, and XRB systems on the Milky Way is listed, along with the
number and fraction of those tests which return at p-value >0.05. The results
used to populate this table are listed in Tables 2 (offsets and host-normalized
offsets in both bands), 3 (enclosed fluxes, I-band only), 4 (half-Galaxy Fiignt),
and 5 (Fjign in the local 4 kpc). Overall, FRBs are clearly distributed on their
hosts in a similar manner to neutron stars on the Milky Way, and are a better
match than the other transients tested.

Transient NAD-test > 0.05 NAD-test Fraction >0.05
LGRB 8 28 0.29
SLSN 4 20 0.20
CCSNe 6 28 0:21
FRB 24 32 0.75
SNe Ia 8 24 0.33
SGRB 2 28 0.07
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Scattering

I (1 4z) 2 for diffractive scales less than the inner scale of the turbulence,
. (142)~17/5  otherwise.

72 e |

T ~
IGM (1 JrZ)0.2—0.5 7> 1.

Bhandari & Flynn 21
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Table 1. Total number of FRBs that are required for cosmological applications.

Cosmological Applications of FRBs No. of FRBs References
Distribution of baryons between the CGM and IGM 101-102 Ravi [160]

Radial density profile of the CGM 102-10° McQuinn [102]
Detection of He II reionisation 102-10° Kit Lau et al. [207]

FRBs as cosmic rulers 10° Macquart et al. [107]

Origin and distribution of extragalactic magnetic fields 103-10* Vazza et al. [133]
Cosmological constraints (Qy, 1%, Hy and w) 103-10% Zhao et al. [188], Walters et al. [187]

Bhandari & Flynn 21
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Single-Dish Localization
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Lorimer Burst 010724
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Fig. 1. Multiwavelength image of the field surrounding the burst. The
respectively show Ha and H 1 emission associated with the SMC (32, 33). Cro

the five known radio pulsars in the SMC and are annotated with their names & I
units of cm™ pc. The open circles show the positions of each of the 13 beams W m f—4. 8 0.4 S m f—4
’

diameter equal to the half-power width. The strongest detection saturated the

Rig‘htAscens.ion (J2000) DM=375 Cm-3 PC : Z~O. I _0.3

data acqmsmon system, indicating that its S/N >> 23. Its location is marke
ascension 01" 18™ 06° and declination —75° 12’ 19" (J2000 coordinates).

(with S/Ns of 14 and 21) are marked with smaller circles. The saturation
difficult to localize accurately. The positional uncertainty is nominally 7" on t b QLIS hal 4 I 8 d e
width of the multibeam system. However, the true position is probably slightly °

of this position, given the nondetection of the burst in the other beams.
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Table 1: Properties of burst from SGR 1935+2154.

Parameter Component 1 Component 2
Dispersion measure (pc cm—3) 332.7206(9)

Scattering timescale (ms)* 0.759(8)

Arrival time (UTC, topocentric)® | 14:34:24.40858(2) | 14:34:24.43755(2)
Arrival time (UTC, geocentric)®¢ | 14:34:24.42848(2) | 14:34:24.45745(2)
Scattering-corrected width (ms) 0.585(14) §.335(7)
Spectral index®4 5. 75(11) 3.61(8)
Spectral running? 1.0(3) —19.9(3)
Fluence (kdJy ms) 480 220

Peak flux density (kJy) 110 150

Values in parentheses denote statistical uncertainties corresponding to the 68.3% confi-
dence interval in the last digit(s).

¢ Quantities are referenced to 600 MHz.

> Listed arrival times were corrected for the frequency-dependent time delay from inter-
stellar dispersion using the listed dispersion measure, and are referenced to infinite fre-
quency.

¢ Arrival times at the geocenter were obtained after correcting the listed topocentric
times for the geometric delay, assuming an ICRS source position of (R. A., Dec.) =
(19"34™55.606°, 21°53'47.4")13, and an observatory position of (Long., Lat.,Height)came
= (119°36'26"” W, 49°19'16” N, 545 m.).

¢ Quantity defined in Methods. CHIME+ 2005.10324



Table 1: Data on ST 200428A. Standard errors in the final significant figures (68%

confidence) given in parentheses.
® The correction to the infinite-frequency (v = oo) arrival time is done using the DM

quoted in this table, and assuming a dispersion constant of —— x 10*s MHz?pc~! cm?

2.41
14].
b The full-width half-maximum (FWHM) of the Gaussian used to model the intrinsic
burst structure (Methods).
¢ This assumes a distance to SGR 193542154 of 9.5 kpc.

Property Measurement
OVRO arrival time at v = 1529.267578 MHz (UTC) 28 April 2020 14:34:25.02657(2)
OVRO arrival time at v = oo®* (UTC) 28 April 2020 14:34:24.43627(3)
Earth centre arrival time at v = 00® (UTC) 28 April 2020 14:34:24.45548(3)
Fluence (MJy ms) 1:51(3)
Dispersion measure (pccm™) 332.702(8)
Intrinsic burst FWHMP (ms) 0.61(9)
[sotropic-equivalent energy release® (erg) 2.2(4) x 10%
scattering ~0.4(1) ms@ | GHz
T.~1.4e32 K

No evidence for a local DM
Bochenek+ 2005.10828



2021711719

CHIME+ 2005.10324

2GR 193542154 STARE2 Limit

B sGR 1935+2154 CHIME/FRB ‘o,
105 - s
‘}OY
4
N
) %
E \)O“fy
> 103 %,
w ()
O 2 _—m
< O3 FRB 180110 |
> 1E 1547.0-5408 %
2 2% FRB 180924 FRB 190523
<,
8 O\yG \l
S 10! - . 2 == | e
a3 T - s |
-Q » o Rt » [
e} b FRB 181030 J FRB 181112
e RRATs :
‘)0
1071 1 . b FRB 180916
Crab Pulsar e
<
O | FRB 141113
FRB 121102
MR | ! L) i e Ty ! L] ' LR i AL ' L] i AL
103 104 10° 106 Lo? 108 10° 1010

Distance (pc)
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Missing Baryon

TABLE 3
THE BARYON BUDGET

Fukugita, Hogan & Peebles 98

Component

Central Maximum

Minimum Grade?

Observed at z ~ 0

1. Stass m spheroids: -v.uiiie i
2008 10 QISKS covisiainniniiiwa i
3. Stars In irregularS ..vunieaisns
4. Neutral atomic gas..............
3. Moleenlar gas. oovianiinns
6. Plasaia 5 clusters .o.coveican.
7a. Warm plasma in groups ......
7b. Cool plasma ....................
7. Plasma in groups ...............
8. Sum (at h =70 and z ~0)......

0.0026 h !
0.00086 !
0.000069 !
0.00033 h3!
0.00030 5!

0.0043 h7 !
0.00129 A,
0.000116 h-!
0.00041 h3 !
0.00037 h5!

0.0026 hy5  0.0044 hyy-*
0.0056 hy S 0.0115 hy S
0.002 h3,! 0.003 A,
0.014 hy,! 0.030 A5
0.021 0.041

0.0014 h !
0.00051 A
0.000033 5!
0.00025 h!
0.00023 k!
0.0014 h -5
0.0029 h; -5
0.0007 h5!
0.0072 h;,!
0.007

WHIM
T~1057K

wow>:;>>w>>

Gas components at z ~ 3

still missing
18+16%

photoionised®

9. Damped absorbers ..............
19. Ly forest clonds......cuosswnssss
11. Intercloud gas (He o) ..........

(T~10"K)
28+11%

CGMe 5+£3%

0.0007 k3! A—
001 h_-° B
0.0001 k! B

ICM? 4£1.5% galaxies® 7+2%

cold gas® 1.7+0.4%

this work (tS2)°
WHIM (7'~ 10° K)

11+ 7%

WHIM (10°K < T'<10%5K)52

12, DeMenni oo ames
b T
14. Nucleosynthesis ................

0.0015 A, 0.0027 h-
0.04 h; '3 005h 3
0.01 h5,?
Abundances of:
0.04 h- 0.054 h- ¢
0.010 k4 0.027 h-¢
0.020 k- 0.027 h-¢

25+8%

0.013 h32

> >

0.013 h2 de Graaff+ |19

* Confidence of evaluation, from A (robust) to C (highly uncertain).
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Locatlng MlSSlIlg Baryon

| Top Hat Models |
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