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Outline

I. How do we DISCOVER cosmic fireworks?

II. After discovery, how do we CHARACTERIZE cosmic fireworks?

III. After characterization, what do we LEARN from cosmic fireworks?
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如何發現宇宙爆發事件 ── 望遠鏡、相機、軟體

發現以後，如何述性 ── 多波段觀測、物理與的化學知識

述性以後，如何用來瞭解宇宙 ── 週期表、恆星演化



Celestial Cinematography

Palomar Observatory
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Zwicky Transient Facility

Palomar Gattini IR

加州帕洛瑪天文台
配套全自動望遠鏡偵測動態的
天體變化，形同幫宇宙拍電影

最大的200吋（5米）望遠鏡
紀念 Hale 先生，其座右銘
「不要做小事，不要作小夢」



Zwicky Transient Facility
(PI Prof. Shri Kulkarni)
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加州理工學院為研究天體「時變現象」先驅.  

Zwicky 教授率先研究超新星

帕洛瑪天文台現行計畫 Zwicky Transient Facility (ZTF)  

ZTF 比前一代計畫 PTF 靈敏超過10倍



Palomar Gattini-IR (PGIR) field of view is 40 times larger 
than any other current near-infrared instrument
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這是全世界目前最大的數位相機
每30秒鐘取得一張影像，大小相當於230個滿月
這樣的效率才能有效「重復巡天」，以察覺「瞬
息萬變」的現象



Learning subtraction all over again
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- =

Fully automated data science challenge. 
研究「瞬變現象」必須處理海量數據

重新學習「減法」──不同時間取得
的影像對減，發現不同



Celestial Cinematography

Christoffer Fremling Andy Tzanidakis
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目前數據處理全自動化，還加入機器學習
這展現在發現超新星的效率
影片中每個紅點代表某顆白矮星爆發成為 Ia 型超新星，每個藍
點表示某顆大質量恆星爆發成為第II 型超新星
右邊是空間分布 我們剛邁過5000顆超新星里程碑



Unveiling the Dynamic Infrared Sky

Visible Light Infrared Light
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在可見光看似暗黑的塵
雲，在紅外波段觀測則
可以看到剛誕生的恆星
發出噴流。這不錯，但
要是拍個短片怎麼樣？



Palomar Gattini-IR (PGIR) field of view is 40 times 
larger than any other current near-infrared instrument
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Gattini-IR FOV

VISTA

Mansi M. Kasliwal / NCU Delta Lecture 2021

當我2015年加入 Caltech 時，紅外相機非常昂貴，
而且只有 0.6 平方度，但是我要 47 平方度，跟
ZTF一樣。為了實踐「敢於走前人未行之路，」，
我找Neugebauer 教授同行…



Infrared Cinematography
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Palomar Gattini IR maps 9,000 sq. deg. every 2 nights to J=15.7 AB mag
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Scott Adams Matt Hankins

這樣我們就能放映「紅外電影」，
研究紅外宇宙的變化

現在有了兩個「電影院」，我們
需要整合一下



Outline

I. How do we DISCOVER cosmic fireworks?

II. After discovery, how do we CHARACTERIZE cosmic fireworks?

III. After characterization, what do we LEARN from cosmic fireworks?
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有些現象變化很快，「太陽出來
就不見」，所以 GROWTH 結盟
夏威夷 Keck 望遠鏡、日本、台
灣、印度、以色列、瑞典…在
不同經度接力觀測

台灣是重要伙伴



137 Scientists

37 Telescopes

38 Science Programs

100,000 events/night

5603 Supernovae to date

182 Refereed Journal 
Papers in 5 years

8236 citations

h-index 42
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Kasliwal et al. 2019a

Next generation of this system: open-source Fritz just went liveMansi M. Kasliwal / NCU Delta Lecture 2021

發現了之後的後隨述性

最新一代是 Fritz



Spectrum is Truth
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光譜是王道，有很多重要訊息
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Life Cycle of a Star

Nothing
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恆星的一生

行星狀星雲

白矮星：一湯匙的物
質重達數噸（卡車）

中子星：一湯匙的
物質重達數千萬噸

黑洞
滅空影像皆未依比例

紅巨星

紅超巨星



White Dwarf
Fireworks
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P. Tisserand

Karambelkar+ 2021
arXiv: 2012.11629

Palomar Gattini IR light curves suggest 149 new R Cor Bor candidates

White Dwarf Merger Products
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Viraj Karambelkar
(Grad, 2nd year)

當白矮星合併

帕洛瑪 Gattini 紅外光變曲線發現了149 顆
新的北冕座R型變星（不規律亮、暗）
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White Dwarf Explosions
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白矮星爆發
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PGIR has more than doubled the discovery rate of novae!

PGIR19brv

Discoveries by Palomar Gattini IR
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Kishalay De
(Grad, 5th Year)

帕洛瑪 Gattini 紅外相機 (PGIR) 把發現新星的效率增加了兩倍



Spectrum is Truth
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Where are the classical novae?

De et al. 2021a
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"I’ve often wondered about the CNe
(like Fermi, on intelligent life): 

Where are they? 
I guess your answer is: extincted!" 

(Bob Williams)

典型新星哪去了？

費米有關外星生命的大哉問：
「他們在哪？」我對「典型
新星」有一樣的疑問。

Bob Williams 認為「滅絕了」



Neutron Star
Fireworks



August 17, 2017, 12:41:04 UTC
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LVC, Phys. Rev. Lett. 119, 161101 (2017)



Just 1.7 seconds later, a burst of gamma rays

Mansi M. Kasliwal / NCU Delta Lecture 2021 LVC, Fermi, Integral Astrophys. J. Lett., 2017; Goldstein et al. 2017  

僅僅1.7秒之後，出現伽瑪射線



Finding Home
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Movie Credit: R. Hurt/IPAC Caltech

從哪來的呢？



A Global Effort

Movie Credit: GROWTH co-I V. Bhalerao

The GROWTH Team: 18 telescopes, 6 continents, 100+ people
Mansi M. Kasliwal / NCU Delta Lecture 2021



Celebrating a trio of papers in journal Science: 
Evans et al. 2017, Kasliwal et al. 2017, Hallinan et al. 2017

Mansi M. Kasliwal / NCU Delta Lecture 2021

有關該事件的三篇 Science 

論文，包括電波與高能觀測

Kasliwal 領銜發表了可見光
與紅外的觀測結果，並統整
了各波段結果的解讀



Mansi M. Kasliwal / NCU Delta Lecture 2021

新的元素來源週期表

中子星合併

低質量恆星死亡

大質量恆星爆發

白矮星爆發

宇宙射線撞擊

大霹靂



UVOIR Light Curve
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Evans et al. 2017, Kasliwal et al. 2017c 

Surprise # 1: Too Bright and Blue at Early Time

See also:
Andreoni et al. 2017
Arcavi et al. 2017
Cowperthwaite et a. 2017
Coulter et al. 2017
Drout et al. 2017
Lipunov et al. 2017
Lyman et al. 2017
Pian et al. 2017
Soares-Santos et al. 2017
Smartt et al. 2017
Tanvir et al. 2017
Utsumi et al. 2017
Villar et al. 2017
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低質量恆星死亡從紫外、可見光，到紅外的光變曲線

意外：早期太亮，也太「藍」



Spectra are the chemical thumbprint

Kasliwal et al. 2017c
Mansi M. Kasliwal / NCU Delta Lecture 2021

Pian et al. 2017

Infrared Confirms that Heavy Elements were Synthesized.

紅外觀測證實重
元素來自合成



A Site or The Site:
Was the production rate of heavy elements enough to explain the 
observed solar abundance?

aft er merger. T he heavier element s in the second, lanthanide and third peaks only dominat e
at lat er t ime when the eject a is opt ically t hin and the kilonova is both much too faint and
much too red for ground-based follow-up (F igure 2).

F igure 2: Left: Abundance dist ribut ion of element s synthesized by t he r-process in t he solar
neighborhood. Not e t he abundance peaks. Right: Fract ion of elect ron heat ing cont ribut ed by
various set s of element s as a funct ion of t ime using t he solar abundance pat t ern. W hile element s
in t he first peak dominat e at early-t ime, observing t he lat e-t ime mid-IR emission is crit ical t o
measuring element s in t he second peak, lant hanide peak and third peak. [11, 3]

Therefore, even combining all available ground-based dat a could not convincingly show
that t he kilonova emission requires element s from all t hree r-process abundance peaks (see
goodness-of-fit for both models; F igure 3) [12].

A&A 615, A132 (2018)A&A proofs: manuscript no. aanda

Fig. 4. Comparison of a low-Ye (= 0.1) matter case, representative for a "tidal" dynamical ejecta, with NIR JHK-band observations
(https://kilonova.space/kne/GW170817/). The detailed ejecta model parameters are shown at the top of each panel. The left panel uses heat-
ing according to the FRDM nuclear mass model, for the right panel a DZ-type heating rate has been employed (see Sec. 3 in the main text for a
discussion).

Fig. 5. Comparison for a model without lanthanides and third r-process
peak ejecta. The detailed ejecta model parameters are shown at the top
of the panel. For this calculation the heating rate of the FRDM nuclear
mass model was used (see Sec. 3, main text for a discussion). The prop-
erties of this model are characteristic for matter unbound from an accre-
tion torus.

(3)

Clearly, which rate is needed depends on which r-process
elements are produced. In Fig. 6, we show as solid black line
the required event rate (scaled to an ejecta mass of 0.03 M )
under the assumption that NSMs produce all r-process (in solar
proportions) above a limiting nucleon number > A. So if all
r-process is produced in NSMs, an event rate of about 560 (0.03
M /m̄ej) yr−1 Gpc−3 is needed. If instead, NSMs should only
produce r-process beyond the second peak (A > 130), a rate of
only 70 (0.03 M /m̄ej) yr−1 Gpc−3 would suffice. The early blue
emission observed in AT2017gfo, however, is most naturally
explained with lower-opacity ejecta and therefore argues for
the production of at least some lower-mass r-process material,
which would also be consistent with recent theoretical studies
(Wanajo et al. 2014; Perego et al. 2014; Just et al. 2015; Wu
et al. 2016). This could point to rates between the above two
extremes. From the modelling of the NIR lightcurves alone it

Fig. 6. Needed event rates, scaled to an ejecta mass of 0.03 M , if NSNS
mergers are to produce all r-process (in solar proportions) above a min-
imum nucleon number > A (solid black line). Also shown are the esti-
mated rates (90% conf.) for NSNS mergers from the population synthe-
sis study of Kim et al. (2015), the sGRB rates based on Swift data from
Petrillo et al. (2013) and the LVC estimate based on the first detected
NSNS merger event.

is not possible to distinguish between a pure high-opacity and
pure low-opacity case (Figs. 4 and 5), but merger simulations
indicate that at least some low-Ye matter is ejected and this is
also consistent with the broad spectral features that have been
observed (Kasliwal et al. 2017; Tanvir et al. 2017; Chornock
et al. 2017). Therefore, we interpret this first event as strong
evidence for a broad range of r-process nuclei being produced
and not just –as thought until a few years ago–only A > 130
material.
Based on the discussed numbers, NSMs could produce all the
cosmic r-process without needing an additional production site.
But within the uncertainties of rates/ejecta masses additional
contributors are certainly possible. It has been argued (see e.g.
the discussion in Thielemann et al. (2017)) that an additional
source of strong r-process would make it easier to explain
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Fig. 4. Comparison of a low-Ye (=0.1) matter case, representative for a “tidal”dynamical ejecta, with NIR JHK-band observations
(https://kilonova.space/kne/GW170817/ ). The detailed ejecta model parameters are shown at the top of each panel. The left panel uses
heating according to the FRDM nuclear mass model, for the right panel a DZ-type heating rate has been employed (see Sect. 3 in the main text for
a discussion).
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Fig. 5. Comparison for a model without lanthanides and third r-process
peak ejecta. The detailed ejecta model parameters are shown at the top
of the panel. For this calculation the heating rate of the FRDM nuclear
mass model was used (see Sect. 3, main text for a discussion). The
properties of this model are characteristic for matter unbound from an
accretion torus.

Using nuclear network calculations employing the FRDM
nuclear mass model, we derive a lower limit on the ejecta mass
of ≈1.5 × 10−2 M to explain the bolometric luminosity. Due to
uncertainties in the nuclear physics far from stability, this limit
could potentially be reduced by a factor of up to ∼5. Even in
this most pessimistic case the real ejecta amount would likely be
∼1% of a solar mass, which is a substantial amount in a cosmic
nucleosynthesis context. Based on this first detected GW-event,
the NSM rate (90% conf.) is estimated as 320–4740 Gpc−3 yr−1

(Abbott et al. 2017d), compact object merger rate estimates
based on SWIFT sGRB data point to ∼500−1500 Gpc−3 yr−1

(Petrillo et al. 2013) while recent population synthesis studies
(Kim et al. 2015) estimate the rate5 as 244+325

−162
Gpc−3 yr−1 , which

means that within the rate uncertainties, NSMs can well produce
all the r-process elements in the MW (Mr ∼ 19 000 M ; e.g.

5 We use the density of Milky Way equivalent galaxies of Abadie et al.
(2010) to transform between different units.
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tion torus.
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elements are produced. In Fig. 6, we show as solid black line
the required event rate (scaled to an ejecta mass of 0.03 M )
under the assumption that NSMs produce all r-process (in solar
proportions) above a limiting nucleon number > A. So if all
r-process is produced in NSMs, an event rate of about 560 (0.03
M /m̄ej) yr−1 Gpc−3 is needed. If instead, NSMs should only
produce r-process beyond the second peak (A > 130), a rate of
only 70 (0.03 M /m̄ej) yr−1 Gpc−3 would suffice. The early blue
emission observed in AT2017gfo, however, is most naturally
explained with lower-opacity ejecta and therefore argues for
the production of at least some lower-mass r-process material,
which would also be consistent with recent theoretical studies
(Wanajo et al. 2014; Perego et al. 2014; Just et al. 2015; Wu
et al. 2016). This could point to rates between the above two
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Fig. 6. Needed event rates, scaled to an ejecta mass of 0.03 M , if NSNS
mergers are to produce all r-process (in solar proportions) above a min-
imum nucleon number > A (solid black line). Also shown are the esti-
mated rates (90% conf.) for NSNS mergers from the population synthe-
sis study of Kim et al. (2015), the sGRB rates based on Swift data from
Petrillo et al. (2013) and the LVC estimate based on the first detected
NSNS merger event.
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Fig. 6. Needed event rates, scaled to an ejecta mass of 0.03 M , if
NSNS mergers are to produce all r-process (in solar proportions) above
a minimum nucleon number > A (solid black line). Also shown are the
estimated rates (90% conf.) for NSNS mergers from the population
synthesis study of Kim et al. (2015), the sGRB rates based on Swift
data from Petrillo et al. (2013) and the LVC estimate based on the first
detected NSNS merger event.

Bauswein et al. 2014; Shen et al. 2015; Rosswog et al. 2017),

Mr ∼ 17 000 M
RNSNS

500Gpc−3 yr−1

m̄ej

0.03M

τgal

1.3 × 1010 yr
.

(3)

Clearly, which rate is needed depends on which r-process
elements are produced. In Fig. 6, we show as solid black line
the required event rate (scaled to an ejecta mass of 0.03 M )
under the assumption that NSMs produce all r-process (in
solar proportions) above a limiting nucleon number > A.
So if all r-process is produced in NSMs, an event rate of
about 560 (0.03 M /m̄ej) yr−1 Gpc−3 is needed. If instead,
NSMs should only produce r-process beyond the second peak
(A > 130), a rate of only 70 (0.03 M /m̄ej) yr−1 Gpc−3 would suf-
fice. The early blue emission observed in AT2017gfo, however, is
most naturally explained with lower-opacity ejecta and therefore

A132, page 6 of 10
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erties of this model are characteristic for matter unbound from an accre-
tion torus.
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the required event rate (scaled to an ejecta mass of 0.03 M )
under the assumption that NSMs produce all r-process (in solar
proportions) above a limiting nucleon number > A. So if all
r-process is produced in NSMs, an event rate of about 560 (0.03
M /m̄ej) yr−1 Gpc−3 is needed. If instead, NSMs should only
produce r-process beyond the second peak (A > 130), a rate of
only 70 (0.03 M /m̄ej) yr−1 Gpc−3 would suffice. The early blue
emission observed in AT2017gfo, however, is most naturally
explained with lower-opacity ejecta and therefore argues for
the production of at least some lower-mass r-process material,
which would also be consistent with recent theoretical studies
(Wanajo et al. 2014; Perego et al. 2014; Just et al. 2015; Wu
et al. 2016). This could point to rates between the above two
extremes. From the modelling of the NIR lightcurves alone it

Fig. 6. Needed event rates, scaled to an ejecta mass of 0.03 M , if NSNS
mergers are to produce all r-process (in solar proportions) above a min-
imum nucleon number > A (solid black line). Also shown are the esti-
mated rates (90% conf.) for NSNS mergers from the population synthe-
sis study of Kim et al. (2015), the sGRB rates based on Swift data from
Petrillo et al. (2013) and the LVC estimate based on the first detected
NSNS merger event.

is not possible to distinguish between a pure high-opacity and
pure low-opacity case (Figs. 4 and 5), but merger simulations
indicate that at least some low-Ye matter is ejected and this is
also consistent with the broad spectral features that have been
observed (Kasliwal et al. 2017; Tanvir et al. 2017; Chornock
et al. 2017). Therefore, we interpret this first event as strong
evidence for a broad range of r-process nuclei being produced
and not just –as thought until a few years ago–only A > 130
material.
Based on the discussed numbers, NSMs could produce all the
cosmic r-process without needing an additional production site.
But within the uncertainties of rates/ejecta masses additional
contributors are certainly possible. It has been argued (see e.g.
the discussion in Thielemann et al. (2017)) that an additional
source of strong r-process would make it easier to explain
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Fig. 4. Comparison of a low-Ye (=0.1) matter case, representative for a “tidal”dynamical ejecta, with NIR JHK-band observations
(https://kilonova.space/kne/GW170817/ ). The detailed ejecta model parameters are shown at the top of each panel. The left panel uses
heating according to the FRDM nuclear mass model, for the right panel a DZ-type heating rate has been employed (see Sect. 3 in the main text for
a discussion).
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Fig. 5. Comparison for a model without lanthanides and third r-process
peak ejecta. The detailed ejecta model parameters are shown at the top
of the panel. For this calculation the heating rate of the FRDM nuclear
mass model was used (see Sect. 3, main text for a discussion). The
properties of this model are characteristic for matter unbound from an
accretion torus.

Using nuclear network calculations employing the FRDM
nuclear mass model, we derive a lower limit on the ejecta mass
of ≈1.5 × 10−2 M to explain the bolometric luminosity. Due to
uncertainties in the nuclear physics far from stability, this limit
could potentially be reduced by a factor of up to ∼5. Even in
this most pessimistic case the real ejecta amount would likely be
∼1% of a solar mass, which is a substantial amount in a cosmic
nucleosynthesis context. Based on this first detected GW-event,
the NSM rate (90% conf.) is estimated as 320–4740 Gpc−3 yr−1

(Abbott et al. 2017d), compact object merger rate estimates
based on SWIFT sGRB data point to ∼500−1500 Gpc−3 yr−1

(Petrillo et al. 2013) while recent population synthesis studies
(Kim et al. 2015) estimate the rate5 as 244+325

−162
Gpc−3 yr−1 , which

means that within the rate uncertainties, NSMs can well produce
all the r-process elements in the MW (Mr ∼ 19 000 M ; e.g.

5 We use the density of Milky Way equivalent galaxies of Abadie et al.
(2010) to transform between different units.
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explained with lower-opacity ejecta and therefore argues for
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mated rates (90% conf.) for NSNS mergers from the population synthe-
sis study of Kim et al. (2015), the sGRB rates based on Swift data from
Petrillo et al. (2013) and the LVC estimate based on the first detected
NSNS merger event.
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Fig. 6. Needed event rates, scaled to an ejecta mass of 0.03 M , if
NSNS mergers are to produce all r-process (in solar proportions) above
a minimum nucleon number > A (solid black line). Also shown are the
estimated rates (90% conf.) for NSNS mergers from the population
synthesis study of Kim et al. (2015), the sGRB rates based on Swift
data from Petrillo et al. (2013) and the LVC estimate based on the first
detected NSNS merger event.

Bauswein et al. 2014; Shen et al. 2015; Rosswog et al. 2017),

Mr ∼ 17 000 M
RNSNS

500Gpc−3 yr−1

m̄ej

0.03M

τgal

1.3 × 1010 yr
.

(3)

Clearly, which rate is needed depends on which r-process
elements are produced. In Fig. 6, we show as solid black line
the required event rate (scaled to an ejecta mass of 0.03 M )
under the assumption that NSMs produce all r-process (in
solar proportions) above a limiting nucleon number > A.
So if all r-process is produced in NSMs, an event rate of
about 560 (0.03 M /m̄ej) yr−1 Gpc−3 is needed. If instead,
NSMs should only produce r-process beyond the second peak
(A > 130), a rate of only 70 (0.03 M /m̄ej) yr−1 Gpc−3 would suf-
fice. The early blue emission observed in AT2017gfo, however, is
most naturally explained with lower-opacity ejecta and therefore
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Figure 3: Model fit s t o ground-based dat a in t he first few weeks do not yield a bet t er fit t o
models including t he heaviest r-process element s (Left Panel; ⇠10 cm2 gm− 1) compared t o
models wit h only light er r-process element s (Right Panel; ⇠1 cm 2 gm− 1). Lat e-t ime mid-IR
observat ions are needed to dist inguish between models. [12]

Spitzer Space Telescope observat ions det ect ed t he GW170817 kilonova at 4.5µm at
43 days and 74 days aft er merger (F igure 4). T he 4.5µm luminosity at t his lat e phase and
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但是「其中之一」，還是「就是它」？

產生足夠的重元素數量嗎（例如能解釋太陽的成分）？



Direct evidence that the heaviest elements were indeed synthesized!

Kasliwal et al. 2019a

We did strike gold!

+43d +74d
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重元素來自合成的直接證據

我們真的「挖到金礦」（得到金牌）了



Cosmic Mines

Credit: J. Johnson
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Black Hole
Fireworks



September 14, 2015

36 + 29 = 62!
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Neutron Star + Black Hole Merger
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中子星與黑洞合併
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Anand, Coughlin et al. 2020

Shreya Anand
(Grad 3rd Year) 



April 26, 2019

GROWTH Team undertook a co-ordinated
search mapping the full area with four
discovery engines worldwide.

Shreya Anand
(Grad 3rd Year) 
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GROWTH 團隊定位



August 14, 2019
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Andreoni, Goldstein et al. 2019c

Upper limits suggest that either opacity was too high or the mass ratio was too high.
See also Morgan et al. 2020 (independent analysis by DESGW team) 

Igor Andreoni Danny Goldstein
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DG19wxnjc

• Right Place
• Right Time
• Right Distance
• Right Luminosity
• Right Color Evolution

BUT… spectrum is truth
BUT Helium!
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方位、時間、距離、光度、
顏色變化 似乎都對

但光譜…



Could the neutron star be swallowed whole 
by the black hole?

Foucart et al. 2018

The hallmark signature is a red source that rapidly reddens. 
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有沒有可能中子星整個被黑洞吞掉了？

有顆紅色天體瞬間變紅了



Infrared: Ubiquitous, Luminous and Long-lived

 

Page 12 of 29 

 

 

 

Figure 1 | Schematic illustration of the components of matter ejected from neutron-

star mergers. Red colours denote regions of heavy r-process elements, which radiate 

red/infrared light. Blue colours denote regions of light r-process elements which radiate 

blue/optical light. During the merger, tidal forces peel off tails of matter, forming a torus 

of heavy r-process ejecta in the plane of the binary. Material squeezed into the polar 

regions during the stellar collision can form a cone of light r-process material. Roughly 

spherical winds from a remnant accretion disk can also contribute, and are sensitive to the 

fate of the central merger remnant. a, If the remnant survives as a hot neutron star for tens 

of milliseconds, its neutrino irradiation lowers the neutron fraction and produces a blue 

wind. b, If the remnant collapses promptly to a black hole, neutrino irradiation is 

suppressed and the winds may be red. c, In the merger of a neutron star and a black hole, 

only a single tidal tail is ejected and the disk winds are more likely to be red. 
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Kasen et al. 2017Kasen et al. 2017
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中子星合併中子星

中子星遺骸長存

中子星合併中子星

中子星遺骸快速塌縮成黑洞
中子星合併黑洞

成為黑洞遺骸



Opening up Our Dynamic Infrared Sky
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Palomar Gattini IR, 25 deg2, 30cm WINTER, 1.1 deg2, 100cm @ Palomar DREAMS, 3.7 deg2, 50cm @SSO

研究紅外動態宇宙的工具



Looking ahead
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下一站：南極



Two Technology Innovations
Roger Smith

Challenge: Affordable Detectors
Solution: Molecular Beam Epitaxy on Silicon
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Don Figer (RIT)

Challenge: Thermal Noise
Solution: Fully Cryogenic Telescope System

挑戰一：價格 挑戰二：熱雜訊



Why Antarctica?

• Sky is 40x Darker
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• Seeing is fantastic
Lo

g 
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n
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ty

天空暗得多 影像清晰
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Namaskar



1016 cm

50 micro arcsecond

North

a b

70°

b/a ~ 0.48

SN ejecta

(180 d)

Rring~ 6⨉1017cm

Blue Supergiant Explosions

SN 2018hna

WIRC+Pol near-infrared spectropolarimeter

at Palomar Observatory
Tinyanont+ 2019

Tinyanont et al. 2021, Nature Astronomy



The longest (~ 100 s), loudest (SNR ~ 32), closest (40 Mpc) signal we’ve ever observed!
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