“Global warming” of hot gas in the
Unlverse over the last 8 billion years

Redshlft Z

fData g Fqﬂﬁ
T { f

| i éhiang, Makiya,
W Ménard, Komatsu (2020)|

12 11 10 9 8 7 6 5 43210
Lookback Time [Gyr ago] taday

Slmulatlon

Credit: Dylan Nelson, lllustris Collaboration

Eiichiro Komatsu
(Max Planck Institute for Astrophysics)

Space Cafe Tokyo, August 23, 2022 MAX-PLANCK-INSTITUT
FUR ASTROPHYSIK




What is the temperature
of the Universe?

How hot is the Universe?



Google’s answer: “2.725 Kelvin”

Search “temperature of the universe”

Google temperature of the universe

Q Al [L)Images [E) News [»] Videos ¢ Shopping : More

Q. 0 kelvin Q, in Celsius Q. in Fahrenheit

2.7125 K.

From measuring the temperature of the radiation left over from the Big Bang
, observable today as the cosmic microwave background, we infer that the
Universe is just a few degrees above absolute zero: 2.725 K. 14 Jan 2022

hitps://bigthink.com > universe-temperature

Ask Ethan: How do we know the Universe's temperature?

Tools




Google’s answer: “2 million Kelvin”

Search “how hot is the universe”

Google how hot is the universe Q

Q All L] Images [»] Videos =) News © Maps : More Tools

About 420.000.000 results (0,47 seconds)

Those gases in the universe today, the researchers found, reach temperatures oflabout 2
million degrees Kelvin - approximately 4 million degrees Fahrenheit, around objects
closer to Earth. That is about 10 times the temperature of the gases around objects farther
away and further back in time. 10 Nov 2020

hitps://www.sciencedaily.com » releases » 2020/11

The universe iIs getting hot, hot, hot, a new study suggests

This is our result. So, which answer is right?



Temperature of what?

What is there Iin space?

* You see stars in the sky.
e Stars are really hot!
e But stars occupy such a small volume in space.

 Maybe it is not correct to use them for the “temperature of the
Universe”.

e Space between stars is vast. Is that space empty?

 No. Space is full of stuff!
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@ 'OriQh- Nebula (M42)

Thls IS gas

|Hum|nated by light from stars.
The gas temperature Is 10,000 K




Sky seen at different wavelengths
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Visible -> Near Infrared -> Far Infrared -> Submillimeter -> Microwave



Sky seen at different wavelengths

} | Microwave
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Visible -> Near Infrared -> Far Infrared -> Submillimeter -> Microwave



From HORIZON ~Beyond the Edge of the Visible Universe~



What is in the space?

The composition of the Universe

* Ordinary stuff that we are familiar with:
* Gas of the ordinary matter (mostly hydrogen and helium)
* Photons (cosmic microwave background)
* Neutrinos (cosmic neutrino background)
e Extraordinary stuff that we know exists:
 Dark matter

 Dark energy



From HORIZON ~Beyond the Edge of the Visible Uni

How to measure the temperature of
the cosmic microwave background



c: speed of light; v = ¢ / wavelength; h: Planck’s constant; ks: Boltzmann’s constant

Brightness of Light, W/m2/sr/Hz

: =
4K Rlack-bodv

— 2.725K Black-
2K Black-body

* Rocket
= Satellite (COBE/FIRAS)

* Ground-based
* Balloon-borne

Planck’s Function

3
2h 1 Temperature
c? exp(hV/ kdT) — 1
L 2
3m 30cm 3mm 0.3mm %

<« Wavelength of light
(from Samtleben et al. 2007)



Google’s answer: “2.725 Kelvin”

Search “temperature of the universe”

Google temperature of the universe Q
Q Al [L)Images [E) News [»] Videos ¢ Shopping : More Tools
Q. 0 kelvin Q, in Celsius Q. in Fahrenheit

2.7125 K.

From measuring the temperature of the radiation left over from the Big Bang ‘% ‘ «’,.
, observable today as the cosmic microwave background, we infer that the ®) » :‘ 3¢ y,
Universe is just a few degrees above absolute zero: 2.725 K. 14 Jan 2022 i P:

This is true only for the temperature -
of photons filling the Universe

Ask Ethan: How do we know the Universe's temperature?




What is in the space?

The composition of the Universe

* Ordinary stuff that we are familiar with:
* Gas of the ordinary matter (mostly hydrogen and helium)
* Photons: 2.7 Kelvin
* Neutrinos: 1.9 Kelvin
e Extraordinary stuff that we know exists:
* Dark matter

e Dark energy
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Subaru image of RXJ1347 1145 (I\/Iedezmskl et aI 2010)
httD //W|se obs. tau ac. |I/~eI|nor/CIusters



http://wise-obs.tau.ac.il/~elinor/clusters
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Subaru image of RXJ1347 1145 (I\/Iedezmskl et aI 2010)
httD //W|se obs.tau.ac. |I/~eI|nor/CIusters



http://wise-obs.tau.ac.il/~elinor/clusters
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Subaru image of RXJ1347-1145 (Medezinski et 5.’?010)
http:/Mvise-obs.tau.ac.il/~elimor/clusters



http://wise-obs.tau.ac.il/~elinor/clusters

Hu"‘ble Space Telescope

« ‘-}.’ This is a “cluster of galaxies”.
~ 'What is |n the-space betV\feen gaIaX|es'?

Hubble image of'RXJ1347 1145 (Bradac et al 280‘89
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Chandra’s X-ray Image;
Tffis S very hOt gas

- 20.0s

30.0s

Chandra X-ray |mage of RXJ1347-1145
(Johnson et al. 2012) —=——
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Chandra’s-X-ray Image;
Th|s s very hot gas SR
ZOO mllhon Kelvm' o

Chandra X ray |mage of RXJ1347- 1145
- (Johnson etal. 2012) ——

33.08 32.08 31.0s 1347m 30.0s 29.0s 28.0s




A new technique:

Use the cosmic microwave
background as back light!



Energetic
electron

/ Scattered
. photon

Hot plasma

Radio
telescope

Mroczkowski et al. (2019)
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S AN=E A, _
The “Sunyaev-Zeldovich Effect”

A new technique to measure the gas temperature
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S AN=E A, _
The “Sunyaev-Zeldovich Effect”

A new technique to measure the gas temperature
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The “Sunyaev-Zeldovich Effect”

A new technique to measure the gas temperature
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The “Sunyaev-Zeldovich Effect”

A new technique to measure the gas temperature
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The “Sunyaev-Zeldovich Effect”

A new technique to measure the gas temperature
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The “Sunyaev-Zeldovich Effect”

A new technique to measure the gas temperature
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Chandra’s-X-ray Image;
Th|s s very hot gas SR
ZOO mllhon Kelvm' o

Chandra X ray |mage of RXJ1347- 1145
- (Johnson etal. 2012) ——
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Multi-wavelength Views of
clusters of galaxies

Visible: X;ray: SZ [microwave]:
¢ 100-1000 galaxies ehot gas (1078 K) ehot gas (1078 K)



Now, the whole Universe!
The SZ effect from the Planck satellite
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Mean Gas Temperature of the Universe

Measured for the first time!
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Google’s answer: “2 million Kelvin”

Search “how hot is the universe”

Google how hot is the universe Q

Q All L] Images [»] Videos =) News © Maps : More Tools

About 420.000.000 results (0,47 seconds)

Those gases in the universe today, the researchers found, reach temperatures oflabout 2
million degrees Kelvin - approximately 4 million degrees Fahrenheit, around objects
closer to Earth. That is about 10 times the temperature of the gases around objects farther
away and further back in time. 10 Nov 2020

hitps://www.sciencedaily.com » releases » 2020/11

The universe iIs getting hot, hot, hot, a new study suggests

This Is our result, for the temperature of gas!



Mean Gas Temperature of the Universe

Measured for the first time!
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Q: What caused this
“global warming” of gas?

A: It's a shock wave!



Small clumps collide, merge,
and form bigger structures -

From “Cosmic Voyage™
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Computer Simulation of
Gas Heating by Shock Waves

Temperalure




Sophisticated simulation of the Universe
Credit: lllustris Collaboratln)
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Summary

Gas in the Universe is getting hotter

* We used a new technique called “Sunyaev-Zeldovich Effect” to
measure the time evolution of the mean gas temperature of the
Universe.

 We discovered two things:
* Joday’s mean gas temperature is 2 million Kelvin. Very hot!
* The temperature increased 3 times over the last 8 billion years.

* We can explain this “global warming” of gas by
associated with formation of structures in the Universe.



The remaining questions

Big questions are not yet answered

* Ordinary stuff that we are familiar with:
e (Gas of the ordinary matter: 2 million Kelvin
 Photons: 2.7 Kelvin
* Neutrinos: 1.9 Kelvin

e Extraordinary stuff that we know exists:
 Dark matter: ????

 Dark energy: ????



The remaining questions

Big questions are not yet answered

So, the research continues.
Thank you very much

y, for your support.
® This Is also your research result,
supported by your tax!

« Dark matter: ????

 Dark energy: ????

« Can we even define their temperature...???
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