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Where do we come from what are we where are we going

Paul Gauguin (1848—1903)

"l believe that this canvas not only surpasses all my preceding ones, but
that | shall never do anything better—or even like it."
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107 seconds - 3 minutes: Era of Nucleosynthesis
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3 minutes - 500,000 years: Era of Nuclei
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Q,h2 = 0.0214 +/- 0.0020
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PRESENT
13.7 Billion Years
after the Big Bang

The cosmic microwave background Radiation's
“surface of last scatter”is analogous to the
light coming through the ¢louds to our

eye on a cloudy day.

Big Bang Terp

We can only see
the surface of the
cloud where light
was last scattered
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Intensity (erg/sec/cm”/sr/Hz)

SER R AR !

300

30

Wavelength (cm)
3

l O—“
1078 -

107
1077
10718

107%

1071

10—21

1=2.728 K

T

ound—}
« Balloon
e Cvanogen
« COBE/DMR
- COBE /FIRAS

aaal A PURRTRRPREY |

0.1

10 100
Frequency (GHz)

“Cosmic seeds”
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Nobel Prize in Physics in 2006
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Problem #1: Global missing baryons

= BBN baryons

- At z~1100, they are fully accounted for with the observations of
the cosmic microwave background.

- At z > 2-3, they are mostly accounted for with observations of the
Lyman alpha forest.

- Atz ~ 0, only about 50% of them are accounted for with optical
and UV observations.

Where are the rest of the baryons?



Problem #2: Local missing baryons

Baryon Fraction
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Dai et al. 2010
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Problem #3: Missing metals

= Cosmic metallicity

- Total mass of metals produced over cosmic time compared to
the cosmic baryon density

— Star formation history predicts 0.16 solar

= Measured metallicity

— Consider metals in stars, metal absorption line systems, cold
disk gas, hot group and cluster gas

-~ The observed cosmic metallicity is about 0.015 solar

~90% of the metals are missing!
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“Hidden”baryons in hot gas?

= Significant amount of hot gas is present in the cosmic
filamentary structures.

» Account for global missing baryons

= The hot halos of galaxies are more extended than
previously detected.

» Account for local missing baryons

= The hot gas has an average metallicity of 0.2-0.3 solar to
account for the cosmic metallicity.

» Account for global missing metals
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How do baryons cycle in and out of galaxies and what do they do while
they are there?

What are the flows of matter and energy In the circumgalactic medium?
What controls the mass-energy-chemical cycles within galaxies?
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Why High-Resolution X-ray Spectroscopy?

= Strong foreground o TTEIFT G ED
— Local Bubble+halo+SWCX PR
- ROSAT, XQC
- Need to separate redshifted lines E

= Enhance S/N T
- Narrow-band imaging T
— Isolate lines L

= Plasma diagnostics 0 _g§
— X-ray spectrum of hot CGM/IGM is

Counts/eV

expected to be dominated by
emission lines

- Density, temperature, abundances
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_ Mccammon et al. 2002

X-ray Absorber

Electrical Connections
to Thermistor

Implanted
Thermistor

Absorber
Support Attachment
Beam Point

HgTe absorber attached to
doped Si thermister.
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X-ray Spectra
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= The transition temperature is tunable with bilayer films,
thanks to proximity effects.
— Easy to match cryogenic operation

= TES arrays can be made in production mode, with
mature film deposition and lithographic techniques.
- Eliminate manual attachment of absorber to thermistor.
- Achieve better uniformity.

— Utilize 3-D structure to run electrical connection without sacrificing
collecting area.

= Very large « can be achieved.
- In principle, it leads to improved energy resolution.
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Extreme sensitivity to B field
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http://space.mit.edu/micro-x/hardware/hardware.html



ESA’s Athena Mission
... In early 2030

TES array of ~4000 pixels

X-ray Integral Fleld Unit (X-IFU) Wide-Field Imager (WFI)

Focal plane assembly

Magnet
Sensor agnetic

Cold
electronics =

harness

CONNeCIOrns

Electronics

Sensor array




Hot Universe Baryon Surveyor (HUBS)

HUBS
named
Technical 2017
feasibility
2016
Science
requirements
2016
Mission
concept
2015
Core
science

2014
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LIRS IR

= Emission lines
- Proportional to emission measure.

| f n?-dl
path

= Absorption lines
- Providing column densities, but only

1-D info
| « fn-d/

LoS

Limited by the number of lines of sight

Equivalent width (EW)

\

wings

core
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S5EFEXPEMELE : 291%

(FRee: BiLIn; 158 BiE)

Launch A s @0.6 keV

XRISM ~2022 Resolve 70
Athena ~2032 X-IFU 240 5000
Lynx > 2040 200 10000

HUBS ~ 2028 XQSC 300 500

0.0023

0.0069

0.0069

16

8280

13800

150000
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The detectability of weakest
absorption lines is proportional
to the square root of the
product:

- Effective area

- resolving power

FoM = RA,

ff
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Technology | R@0.6 | A @0.6| FoM | EW limit
keV | keV (cm2) x1000 (mA)

Chandra LETG/ACIS Grating

-S

XRISM Resolve Calorimeter 100 70 7 44
XMM- RGS Grating 500 45 22.5 25
Newton

HUBS XQSC Calorimeter 600 500 300 6.8
Athena  X-IFU Calorimeter 240 5000 1200 3.4
Arcus Grating 2500 900 2250 2.5
Lynx Grating >5000 >4000 >2000 <0.8
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Concluding remarks

= High throughput, high resolution X-ray spectroscopy is
needed to address a number of critical questions in
astrophysics and cosmology.
— Origin and distribution of hot baryons

- Roles of feedback processes
- Formation and evolution of galaxies

= The technologies required have advanced steadily to
enable X-ray missions of all sizes.

- TES array and SQUID readout technology
- Development of cryogen-free coolers
- Development of large FoV X-ray optics

= The impact of the development of cryogenic thermal
sensors goes much beyond X-ray astrophysics.



